)

Check for
updates

Active Power Filter Under Imbalance
and Distortion of Grid Connected Solution

Leminh Thien Huynh!®, Thanh Vu Tran?, Viet-Dung Do?, and Van Cuu Ho!

! SaiGon University, Ho Chi Minh City, Vietnam
2 University of Transport, Ho Chi Minh City, Vietnam

Abstract. This study proposes an APF grid-connecting solution to reduce har-
monic at the moment of connecting transfer status. The work includes analyzing
the system structure, the parameters of the passive LCL-filter system, the active
power filter (APF) grid-connecting transfer status, the phase lock loop (PLL) for
phase-matching connecting algorithms, and the Fuzzy-PI grid connection control
based on d-g theory. To validate the accuracy of the proposed solution, simulation
and experimental results shows that the power system is more stable by applying
the transfer of the APF-connecting procedure. The proposed APF grid-connecting
also reduces grid current’s THD, and matches phase between grid voltage and grid
current.
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1 Introduction

The electric welding facilities, the increasing of non-linear loads in both consumer elec-
tronics in household appliances and semiconductor devices in the factories are the facts
that cause the negative effects on power systems, such as high order harmonics, the mis-
matching phase between grid current and grid voltage, leading low power electric quality
and low power factor (PF). In particular, phase imbalance and waveform distortion cause
significant total harmonic distortion (THD) [1] and generate high reactive power. There-
fore, the power supply system is not fresh anymore, which is the cause of reducing the
device’s lifespan, increasing the energy consumption of the electronic devices, and lost
in energy transmission. To deal with this challenge, the use of Active Power Filter (APF)
has been one of the most effective and certified solutions since 1976 in Akagi’s research
works. Since then, the APF’s control technique continuously improved. The p-q theory
has been applied for modeling the APF’s mathematical architectures of the APF’s con-
troller in [3]. In [4-6], the adaptive technique control has been presented to contribute
the APF’s control methodologies. In [6-8], the grid connecting of the active power fil-
ter is obviously required in filtering electrical source, that is also one of the effective
solutions for handing out the suitable APF-grid-connecting. Besides, many studies have
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been promoting to develop the grid-connecting for distributed power systems together
[7-13]. However, none of them shows a perfect APF grid-tie-connecting in details, it is
needed to develop not only the APF grid-tie-connecting but also the associating of the
renewable energy sources to the grid.

In order to improve the efficiency of electrical systems according to IEEE standard
STD 519 [14], it is necessary to develop an effective method of APF grid connecting for
both source harmonic filters and improving power factor, specially in the period of APF
grid-tie-connecting transfering. The grid connecting can inject the APF for the grid-
filtering out of high order harmonics from non-linear loads and makes in phase between
grid voltage and grid current, but the procedure hardly requires the stability state. So
in this study, we first mention about the negative effect of non-linear load on the three-
phase grid system. Then, we propose a new solution to match phase for grid voltage
called the APF grid-connecting transfering. This connecting transfering procedure aims
to improve the stability state of the system as well as reducing the harmonic at the
moment of connecting transfer status. The simulation and experiments show that the
results of the APF grid-tie-connecting matches the requirements of the IEEE standard
STD 519 in terms of the high quality of power, the low delay response and low overshot
in the period of connecting transferring. According to IEEE standard STD 519, the total

harmonic distortion (THD) is given by:
V ZliiZ 1 }%RMS

Irus

THD = (1)

The rest of this paper is organized as follows. In Sect. 2, the topology of the pro-
posed three-phase APF system working the three-phase grid is presented. In Sect. 3, the
control policy in the duty of three-phase grid-tie-connecting is described in details. The
simulation and experimental results are shown in Sect. 3.2. Finally, the conclusion is
presented in Sect. 4.

2 Three-Phase-APF Grid-Tied-Connecting Control Policy

2.1 Topology of Proposed Three-Phase Grid-Connected APF

Figure 1 shows the configuration of three-phase grid-connected active filter system which
consists of an Active Power Filter based on voltage source inverter (VSI-APF), a three-
phase LCL-filter, and a three-phase grid with non-linear load. The Active Power Filter
consists of the VSI-APF is connected to the three-phase grid system through the LCL-
passive filter and the static-transfer-switch (STS).

In order to provide higher frequency harmonic extenuation with the same values of
the inductor, we replace a filter made from inductance by a three-phase passive filter.
The three-phase passive filter is constructed from an inductance-capacitor-inductance
(LCL-filter) as shown in Fig. 1. Because the third-order is caused by the LCL-filter type,
an easing of a resistor called Ry is used to eliminate this stability problem. A resistor Ry
is defined as a passive damping method. As a result, by using an LCL-filter with APF,
the DC link will be working with the reference voltage of 750 VDC with the parameters
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Fig. 1. Configuration of the three-phase grid-connected active filter system.

as follows: the nominal voltage (line-line RMS, Vgup be,ca) = 220V = V3 Ve(ab,e)) is
220 V generated by 5.5 kW single phase (220 V, 50-60 Hz) to the three-phase frequency
inverter; model GK3000-250055; the output frequency range is 0—400 Hz; Ly, is the
grid inductance before connecting with Non-Ideal-Load; after creating V  p,¢)n of the
controller, the VSI combines with the LCL-filter to generates ir,, iFp, ir. With 8 kHz
of the switching frequency; Vi, Vip, Vi, are marked at the grid connecting points
for three-phase a, b, and c respectively. STS is the controlled switch or so-called the
static-transfer-switch.

Grid Lei
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Fig. 2. Equivalent one-phase model.

With a three-phase symmetric system considering in the research, an equivalent
one-phase modal can be employed for analysis as shown in Fig. 2. In which the circuit
conditions, the base parameters of the system are determined in Table 1.

The LCL-filter is combined with the three-phase grid-connected APF to attenuate the
ripples in the APF grid-connecting process. The parameters of the three-phase LCL-filter
used in this study are summarized in Table 2.
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Table 1. The per-unit system for the circuit condition

Parameters Calculating Value
Zbase V2/P=220"/ 5000 9.68[Q]
Chase 1/Q2nf*Zpese)=1/21*50%9.68 328.83[uF]
Lpuse Zpase! 21f=9.68/21*50 30.816[mH]

Table 2. Summarized list of parameters of the three-phase LCL-filter

Parameters Value
L; 1.083[mH]
Cr 12[uF]
L, 0.2[mH]
R, 1.5[Q]

Figure 2 shows the equivalent one-phase model which is the one-phase model of
the three-phase grid-connected active filter system in Fig. 1. In Fig. 2, Vr is the output
voltage of VSI, i, is output current of VSI, V. is the voltage of filter capacitor Cy and
small damp resistor R, in series connection, ir and V| are output current and output
voltage of stage power conversion, iy is load current, i, is the current of the grid, and
Vg is the voltage of the grid. The APF inductance L; and the grid inductance L, are
used as a function of the LCL-filter of the proposed power system. Zj,,, Wwas defined
as total equivalent impedance; Cpgse and Lpgse Were total equivalent capacitor and total
equivalent inductor of the system, respectively.

2.2 The Identification of Scheme

The instability problem of the third order harmonic is caused by an LCL-filter and
higher-order harmonics are caused by non-linear loads, the Fuzzy-PI controller was
designed to overcome this issue. Some existing works have applied LCL-filters as in
[14-18]. In [15, 16], the authors used one extra response or by regulating the ratio of
control frequency and the resonance frequency of the LCL-filter. Another work applies
the active damping policies for LCL-filters in [17]. The passive damping procedure with
a resistor is deployed to overcome the instability problem in [10, 18, 19].

Since the grid form signals and the VSI output form signals are in AC status, they
need to be in-phase to make the APF harmonic eliminate function come true. The system
negative effects occur suddenly which are the sag-voltage, the current distortion and the
delay of calculating in the main controller. Those negative effects may seriously affect
the d-q calculating result signals from rotation reference. The distortion and imbalance
issue can be caused by the transferring from voltage control for the sag-voltage problem
to the current control. In [20, 21], the authors associates the controller output current
and voltage with the single-phase DGs (Distributed Generations — DGs), however, the
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APF output signals with transferring situations need to have an algorithm to adapt with
the changing in phase and amplitude of the grid signals.

Figure 3 shows the control loop’s scheme of the gird current which consists of the
Voltage Fuzzy-PI Controller and Current Fuzzy-PI Controller of the APF. In Fig. 3, the
Vame and Ve will be the compensate components to reduce THD in the APF-grid-
connecting procedure. These signals will be combined with the fixed grid voltage in d-g
frame, V gy, and V gy, to generate Vg, and Vg, [22].

Vim = Vamv + Vame (2)
qu = quv + quc (3)
Vime = ¢ % AVgq + (1 — §)Algq 4)
Vame = & % AVgy + (1 = $) Al )
=0,V > 0.7 % V™
When ‘ grgr];) _ grms
£=1,Vm <07V,

The control loop’s scheme normally works with the current controller for eliminating
high order harmonic, so that V= Algq and Vgpe= Algq. In case of leaking grid
voltage; if the magnitude of leaking grid voltage is less than 70% which is defined by the
collecting of the RMS grid voltage amplitude k™( V) (™)), the control loop’s scheme
will be controlled by the voltage controller denoted as V ge= AV gq and V ype= AVyg,.

In Fig. 2, while getting V4, Vpm, and V,, throughout the d-g to abc converter
frame, the VSI plays the role of creating the filter current, ir(t), to do the active filter
function given by:

ip (1) =i (t) — ig (1) (6)

By using four Fuzzy-PI controllers instead of the conventional PI controller
to get compensated signals, such as AVg(d,q) = fruzy-ri(Evaq) and Algqag)=
S Fuzzy-PI(Ei(d,q)) [23], the positive sequence signals in a8 frame is given by:

Vet = 2/3) 2 [Vea — (1/2). Vo — (1/2). V] (7)

Vi = /220 + Ve — Ve (8)

The phase angle of the grid 6 will be calculated by the PLL as in Fig. 4. At first,
the Vga+ and ngfr are calculated as in (7) and (8), respectively. Then, the PLL use the
positive sequence signals of Vg, * and Vgg™ to calculate the exact angle-grid phase.

The phase angle of the grid 6 will be calculated by the PLL as in Fig. 4. At first,
the Voo and Vg™ are calculated as in (7) and (8), respectively. Then, the PLL use
the positive sequence signals of Vg, * and Vg* to calculate the exact angle-grid phase.
This step aims to synchronize the phase of grid voltage and grid current [24]. The PLL’s
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Fig. 4. The block-diagram of PLL controller.

operation applied the d-q theory to generate the 6 angle with an unchanging of wo, shown
in Fig. 4. As a result of generating Vo, * and Vgg*, the value of 6 is pure which is not
affected by high order harmonics.

An angle frequency variation to a phase detector (PD), called Aw, is defined by
Eq. (9). Grid voltages’ components on a static reference frame in Fig. 3, which consist
of Vg™ and Vgg*; the faand fpare the sine-feedback and the cosine-feedback of the
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PLL’s output 6, respectively; V pand 6 p are the original input respectively of voltage and
phase.

A® = Vo™ fo + Vg™ Sy = Ve sin(Op-0) ©)
i 2 1
Vga = g Vgab - 5 Vgca (10)
N 1
Vgﬁ = ﬁ ngc (11)

By integral calculation of the P-controller output and the feed-forward base angular
frequency w,, the angle 6 is the result from (12), where w,= 27 f,.

0 = / (KpAw + w,)dt (12)

2.3 APF in Grid-Tied Operation Mode Control Algorithm

In Fig. 3, the STS connects the three-phase-APF with the LCL-filter to the main grid,
the main grid is in normal condition when the STS is closed. The grid current references
in d-q form can be determined from the expected active and reactive powers as in the
conventional PI controller in [25, 26]. The improvement works have applied the Fuzzy-PI
controller to adjust the d-g APF reference currents [23, 27].

Figure 5 is the structural schematic diagram of the Fuzzy-PI controller in Fig. 3. The
conventional PI controller with unchanged Ky and Kp parameters are not convenient for
the fast complex instability systems. In [28], a fast adaptive Fuzzy-PI has been applied
as in Fig. 5. The parameters in the Fuzzy-PI controller can be listed as follows: the E;,
is the input error; dE, /d< is the rate of input deviation; ay and o, are the quantization
factor of E,, and dE,/dt, respectively; the initialize values for K; and Kp are K" and
Kp*. The relationship between the two couple parameters (K; and K p) and (dE,/dt and
AL, ) will be estimated by the fuzzy control principle.

Fuzzy
Ep Ke AV,
(xp. PI Controller
I -
dEp /dt Gcf ‘

Fig. 5. Fuzzy-PI controller.

In Fig. 5, the Fuzzy-PI controller consists of a Fuzzy controller and a traditional PI
controller. The combining of Fig. 3 and Fig. 5 indicates E, stands for E,, E\q4, Eiq and
E;,, these signals are the inputs of the Fuzzy-PI; W* and % are reference signals and
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natural'signals ind-q fr'ame consisting of (v;fd, v;q), (i;‘d, i;‘q) and (Ved, Veq), (iggs igd)
respectively. And certainly AV, represents AV ) and Alggg).

E, =R* — %
dE, (£)/dt = E, () —E, (£ — 1) =0, (13)
E,(t) = E (€ — 1)

After Eqgs. (13), furring of E,, and dE,,/dt are done, Mamdani fuzzy rule-based is
used to regulate nKp and nKj.

{ nKp = Y1(Ey, Ou) (14)
nKr = ¥2(Ey, 9p)

The results of Egs. (14) then can be used to determine the proportional Kp and
integral coefficients K;. By that way, the parameters for the PI controller are modified.

[
Finally, the adjustment signal AV, is calculated through PI controller.
t
AV =kyE, + ki/EMdt (16)

0

In Fig. 5, the d-g Fuzzy-PI controllers’ outputs is denoted as AV, which consists of
Algq, Algq, AVgq and AVy,. The AV, indicates the grid variation which are supple-
mented to the fixed d-q grid voltages V g,y and V g,y to achieve good dynamic feedback
with the grid voltage in feed-forward signals [29].

The phasor diagram in current control mode is shown in Fig. 6. At first, the V 4, and
V gme 1s calculated by using V ,¢; then V,, is the addition of V 4, and V g, which shows
the changing of unexpected effecting from the non-linear load. At the transfer’s instant
from voltage control to current control mode, the outputs signals controller V g, and
V yme are maintained during the on-grid-connecting operation. The APF output signals in
d-q format can be controlled by the d-g current outputs of controller V gy, V g around
the fixed V gy, Vgmy (Fig. 3).

In the current control mode, the synchronization of the output-PLL’s angle 6, the
angle of grid voltage 6, and the a-f voltages’ grid can be computed from the sized
three-phase-line voltages’ grid Vgup, Vgpe, Vgeq through Eq. (10) and Eq. (11). In Fig. 7,
Ve 1s the compensating signal, V,, is based on the grid and fixed, and V, is a sensitive
signal caused by an unexpected change of the system. The closed-loop scheme will
control the phasor in the voltage control mode while the detecting range of the V"™
is in the range of (O[V], 154[V]). The Fuzzy-PI controller creates V g, and Vg by
comparing them with the fixed V gy and V gy as in Fig. 7. At that time, the same d-q
reference voltages will be fed to the input voltages of the PLL. The output Aw will be
determined by

Aw = 154 x cosf - (—sinf) + 154 x sin6 - cosd = 0 (17
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Fig. 6. Phasor diagram in current control mode.
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Fig. 7. Phasor diagram in voltage control mode.

Through the Fuzzy-PI control and PLL operation, the VSI can compensate an adding
voltage to make getting high quality grid under the sensitive load and imbalance source
condition.

3 Simulation and Experience Results

3.1 Simulation Results

In this section, a simulation is conducted using the PSIM program to demonstrate the
system with and without the proposed algorithm, also the results of APF grid-connecting
algorithm. Non-linear load’s effects in a three-phase grid with and without the proposed
APF connecting algorithm are shown in Fig. 8.

Figure 9 shows the details of APF-grid-connecting procedure, in which the three-
phase load currents have a THD; of about 30.75% on average with off grid-connecting
and the off grid-connecting THDg(4,p,¢) is 30%. In grid-connected time, the grid currents
become sine because of reducing high order harmonics, which makes grid currents’
THDig(q,p,¢) cutoff to 3.5% in equilibrium. This simulation result indicates the effective
working of the APF and the validity of the suggested seamless transfer algorithm.
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Fig. 8. Simulation results for Non-linear load’s effects in three-phase grid: (a) without pro-
pose algorithm, mismatch phase between grid current igc and grid voltage vgc; (b) with propose
algorithm, match phase with high PF = 98.56%.

With the proposed algorithm, the synchronization of grid current signal and grid
voltage signal is successful matched. Furthermore, when transferring from off grid-
connecting to on grid-connecting operation, the in phased of the APF’s signals and
grid’s signals are shown in Fig. 10.
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Fig. 9. Simulation results for the proposed algorithm: grid-tie operating procedure.
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Figure 11 shows the results of the transition from on grid-connecting to off grid-
connecting operation when there are voltage sag situations in voltage on the main grid. If
the V g(r ™s) yalue drops below 70%, the APF recognizes the voltage sags. After regulating
the d-q grid currents to zero, the STS turns to trip status. Because the compensating
voltage mode operation is control by the APF controller, the load voltage is instantly
gotten back to the expected voltage.
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Fig. 11. The results in simulation for the transfer from Off grid-connecting to On grid-connecting
with dedicated algorithm: transferring operation mode.

Figure 12 shows the PLL operation at the transition mode. The unbalanced node
occurred due to the two-phase voltage sags in «-f grid voltages, the balanced «-8
positive sequence voltages are deployed at the input of the PLL controller’s voltages.
Even though the grid voltage sags exist and in transfer-mode, the PLL controller’s angle
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Fig. 12. The results in simulation for the transfer from Off grid-connecting to On grid-connecting
operation without dedicated algorithm.

raises without any unexpected jump which is due to the balance of the PLL controller
voltage inputs in the -8 reference system.
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Fig. 13. The results in simulation for the transfer from Off grid-connecting to on grid-connecting
operation without dedicated algorithm.
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In spite of the little distortion of the load voltage during the short period of time
between the sag-voltage occurrence point and the beginning point of the off grid-
connecting operation, the APF can transfer evenly to the off-grid mode without the
spike-voltages and rush-currents as shown in Fig. 13.

3.2 Experimentation Results

Figure 1 in the Sect. 2 declares the scheme for hardware design with a SkW three-
phase-APF grid-tie-connecting system. The system’s controller is conducted by 32-bit
STM32H743iiT6. Then, the three-phase-load voltages and grid-side’s inductor currents,
and three-phase-grid currents and voltages are determined by measurement.

The three-phase switch and the two IGBTs per phase are in anti-serial are consid-
ered as the STS, and an on-grid/off-grid signal for STS is created by the controller. A
programmable three-phase source is applied to imitate the main grid such as sag-voltage
existing. Figure 14 shows the in phase of the output VSI voltage and the grid voltage.

Via, # ¢
[200V/

div] \%
0‘ 0 Lab

Ve 0.0
[200V/ ¢
div]
0.0

Time[5ms/div] Time[5ms/div]

(a) (b)

Fig. 14. Grid-tied operation experimental results with proposed algorithm: () grid voltage Vgqp
and VSI voltage V5. (b) In phase of the two signals.

Figure 15 and Fig. 16 show the experimental signals when the system working in
changing from on grid-connecting to off grid-connecting operation (Fig. 15) and the
working’s result of the PLL (Fig. 16) with the suggested algorithm.

Figure 17 and Fig. 18 show the results of experimentation for the transferring from
on grid-connecting to off grid-connecting operation under a sag-voltage of 70% in the
main grid during the on grid-connecting operation. In Fig. 17, after tripping STS, the load
voltage immediately obtains its expected voltage at the off grid-connecting operation
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Fig. 15. Experimental results for the transfer from on-grid-connecting to off-grid-connecting
operation with proposed algorithm: grid voltage and output voltage and current.

mode, the currents in d-g reference and also the current of a-phase-grid are regulated to
zero before the STS turns to trip status. Figure 18 shows the input voltages’ balanced in
the - reference system and the synchronization of PLL’s angle, which raises evenly
during the sag-voltage and the transferring-mode.
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Fig. 16. Experimental results for the transfer from On-grid-mode to Off-grid-mode with proposed
algorithm: PLL operation.
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Fig. 17. The results of experimentation for the transferring status from on grid-connecting to off
grid-connecting operation with suggested algorithm: d-q grid currents.

Figure 19 shows the results of experimentation for the transfer from off grid-
connecting to on grid-connecting operation with the proposed algorithm: grid and load
voltages. Figure 20 points out the results of experimentation for the transfer from off
grid-connecting to on grid-connecting operation with the suggested algorithm with the
signs of grid current and load currents. It is obvious that the result has low quality when
the system works without the proposed algorithm (Fig. 21).
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Fig. 18. The results of experimentation for the transferring status from off grid-connecting to on
grid-connecting operation with suggested algorithm: the operation of PLL.
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—— Grid-tie connecting operation
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Fig. 19. The results of experimentation for the transferring status from off-grid-connecting to
on-grid-connecting operation using proposed algorithm: grid-voltages and load-voltages.

On grid-connecting 4—|—> Off grid-connecting

TST turning ON

Current
[20A/div]
0.0 =

5

Va

P

ig
[20A/div]
0.0

-
\/

—,-

iq
[20A/div] |

0.0 -

Time [10ms/div]

Fig. 20. Experimental results for the transfer from off-grid-connecting to on-grid-connecting
operation with proposed algorithm: grid and load currents.
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—> Grid-tie connecting operation
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Fig. 21. Experimental results for the transfer from off-grid-connecting to on-grid-connecting
operation without proposed algorithm.

4 Conclusion

After simulating the proposed algorithm in Psim software, the experiment in the active
power filter hardware system using the STM32H743iiT6 microcontroller chip has been
completed. With the results obtained, besides matching phase for grid current and grid
voltage to increase power factor and eliminating high order harmonics to decrease THDi
from 30.07% to 3.5%, it is seen that the magnitude of the load voltage and its phase
are successively matched to the grid-voltage without any distortion and spike. Also,
with the proposed algorithm, the active power filter’s signals and the grid’s ones have
in-phase and equivalent values in amplitude, reducing the instantaneous overshot current
amplitude at the time of the APF on grid transferring. In the future, this model can be
improved to work with serious sag-voltage in the time of over tens fundamental cycle
by using ultra-capacitor instead of Cyc-link.
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