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Abstract E ’

Frequency controlling technique applied to the coal mine electromechal lements
results in the absence of reactive power and harmonics pﬂt% Whi@ngs hidden
troubles to power net in coal mine. Considering electrag |cal éﬁqlpm nt's safe and
economic operation, this study opened with the mathem odel meters design of
cascade STATCOM based on LCL filter. Then a lqg fllter e elay link and a PI
controller were adopted for ensuring high dyn ﬂ%rrequns low-frequency stable

accuracy of the inner current loop. Eventually titive | loop based on internal
principal was used as outer current loop to % e ze@ rror tracking of referenced

harmonic current, so that both high dynamic~resp small steady-state error were
obtained. Simulation and the actual detic erimerﬁ%}i ate the feasibility of the design.
Keywords: LCL filter, Cascal STATCOM.'eaatroI Strategy, Reactive Compensation,

Parameters design Q

1. Introduction

The improveme ctrlc ch@q ality is always a hot topic [1-3]. Power quality
problems of mine Blee r|C|ty are made worse with frequent start-brake and great
capability of coal mine electr hanical equipments, as well as the widespread adoption of
frequency changers, rectifi d soft starters. Lower power factor, larger harmonic current,
unbalance of three pha ages, voltage fluctuation and flicker cause much hidden trouble
to the security of mine ‘safety production. STATCOM becomes a trend with fast dynamic
response, extensi&%«mge of regulation, smaller volume, and high quality waveform of
compensating ¢ t. At present, the multiple-transformer structure of STATCOM has so
many dr @ such as high cost, large occupying space, high active power loss and
nonline%acteristics of transformer [4-6]. Cascade STATCOM is widely used for less
area occupdtion, modular design, individual phase control and its saving investment and
maintenance costs of transformers [7].

L filter is widely employed in cascade STATCOM because of simple structure, low cost
and easy to control [8-9], but because of the low high-frequency attenuation rate, the filtering
effects of high-frequency ripple are limited. The characters of low-frequency gain and high-
frequency attenuation determine that LCL filter is the most ideal filtering method. Parameters
design and stable control of LCL filter are the hotspot and frontier in the research of power
electronics [10-13, 17]. The control strategy of current loop is divided into two categories:
direct-current control and indirect-current control. The indirect-current control is rarely used
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in practical for bad dynamic performance. The direct-current control mainly includes
traditional Pl control, repetitive control, and proportional resonant control. Traditional Pl
control can track DC signal with zero steady-state error, but has a worse tracking precision of
harmonic referenced current. Repetitive control can realize high-accuracy control of the
whole frequency band but has the drawback of one grid frequency period delay [14].
Proportional resonant control has disadvantages of complex control structure. The control
strategy in article [15-16] can not restrain parallel resonance between the grid-side inductor
and the filter capacitor of LCL filters.

Considering the feasibility and superiority of LCL filter, this study achieves reactive power
compensation and harmonic suppression by the coordination of LCL filter and cascade
STATCOM. At first, this study puts forward the mathematical model and parameters design
scheme of cascade STATCOM based on LCL filter. Then the closed-loop stability conﬂ?‘
inner current loop is resolved by the time delay link and traditional Pl controller for easur

%’Ead
etitive

better dynamic performance and low-frequency stable precision. Finally,
performance in tracking harmonic signals of the inner current c§ntrol loop

control loop based on internal principle is used as outer curren o'reali
tracking of referenced harmonic signal. The results show curgent rol strategy

proposed in this paper can efficiently restrain the interfere and track the
reference current. Simulation results and the device ex ents Me effectiveness of
the proposed current control strategy. Q K

2. Model and Parameters Design of ngQilter in cade STATCOM

The topology structure of cascade ST K% ba %&tL filter is shown in Figure 1.
L, represents the inverter-side inductg: resents>heNgrid-side inductor. C represents the
filter capacitor. R, represents the reSiétance of %a itor. U represents the output phase

voltage. i, represents the output @se curre@r presents the phase voltage of the grid.
i, represents the grid-side e@ﬁnt of L ilter. u, represents the capacitor voltage.

i, represents the capacitor C %nt. i, represents the grid current. i, represents the load current.
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Figure 1. Structure diagram of cascade STATCOM based on LCL filter
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Figure 2. Schematic diagram of LCL filter

Ignoring R, and R, , the current control block diagram and the transfer function from grid-
side current (i, ) to inverter-side output voltage (U ) are easy to obtain from Figure 2.
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Figure 3. Block diagram of& r currg&ontrol loop block diagram
r Induc%s\%

ors in KQ ilter is based on the principle as follows
, TheA carrier frequency f, =10.8kHz , the sample

ine v =6KV):

2.1 Parameters Design of The Fj

Parameters design of the i
(Device Capacity s =2

frequency f, =21.6k @L

1. According to the v @)irop at the inductors of LCL filter must be less than 10%
of the phase voltage of the gri

A £ ﬁg)h<10%xuN/x/§:(Ll+Lz)<4.1mH (2)

2. In limit the short circuit current and the harmonic current, the inductance of
inductors Id not be too small. The minimum value of inductance is determined by the
ripple current which is chosen between 10%-20%.

Each phase of cascade STATCOM can be equivalent to the single-phase bridge inverter.
The equivalent DC voltage expressed as U_ is 5600V. The equivalent switching frequency is
5.4 KHz. The proportion of switch-on time of the i-th period of carrier wave is expressed as
d, . The modulation ratio is expressed as m,.The period of carrier wave is expressed as T, .

The average value of H-Bridge fundamental voltage is expressed as U,,. Assuming that the
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fundamental currents flowing through the filter inductors are zero, the ripple current is
showed in Figure 4.
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Figure 4. The waveform of output voltage angrent@&mgle -phase

bridge inver,

When the average value of H-Bridge fund volta |5§t1ual to u,, the fundamental

current flowing through the filter inductor, s en the current flowing through
the filter inductors is the ripple curr&éﬁ mula is %bced as follows:

‘& m{%—ljd (wt) =m_sin ot
Gﬁ? Mﬁﬂ- Uges T (1 m, sin at)
b@

u
Vi = Yl £ <20%I, = L>—— —— —12mH
2 8L 20%x8x 1 f

In conclusi&@ value range of inductance of the inductors in LCL filter is

@ 12mH<L +L, <4.1mH (3)

Considering of the cost, the value of inductance is chosen as 1.2mH. The proper ratio of L,

to L, is between 4 and 6 which is obtained in article [18], so the inductance values are

L =0.96mH L, =0.24mH (4)
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2.2 Parameters Design of Filter Capacitors

In order to guarantee the efficiency of cascade STATCOM, reactive power absorbed by
filter Capacitors must be less than 5% of rated capacity.

5%S,

Bxox ()
XOX\(—F
V3

The value of capacitance in this paper is chosen as 8uF.

U
Q =3xaC x (—F

= C <12.4uF (5)

For making the harmonics current flow through the filter Capacitors as more as possible
and the resonant frequency of LCL filter should avoid appearing in low or high fre
band, parameters design should meet the following requirements.

X.=(01: 02)X, 62 (6)
10f < f_<f /2=05kHz < f_ <ﬁ & (7
Test as follows: Q X\)

-— ®
. a)ACL Q)
f 4 12\/@ ;& ©
\

3. Control Strategy ade S OM Based on LCL Filter

The spectrum graph f||t L )filter with the same inductance in Figure 5 shows
that both filters ha e same f y characteristics below the resonant frequency, but
above the resonant »- ency enuation rate of LCL filter is far higher than L filter. To
the switching frequency of z, the attenuation rate of LCL filter is -53.8dB, while the

attenuation rate of L filt @ .2dB. So the filtering effect of LCL filter is better than L filter.

Bode Diagram
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Figure 5. Bode plots of LCL filter and L filter with the same inductance
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According to Figure 5, the phase-frequency curve crosses -180 degree at the resonance
frequency of 4.06 kHz, and the peak value of amplitude-frequency curve reaches 30.1dB, so
the closed-loop control of LCL filter is not stable. But over the range of frequencies from
140Hz to 3.9 kHz, the amplitude of G(s) is below 0 dB. Another significant point to be
considered is that the low-frequency amplitude of G(s) is not so high that the stability
precision is not high. So the regulation steps must balance the needs of increase of the low-
frequency amplitude and the positive gain margin at -180 degree crossing frequency.

Traditional PI control can increase the low-frequency gain for improving low-frequency
stable precision. Considering the improvement of the stability, the ideal accumulation
function of PI controller is weakened as the quasi-accumulation function. V'

The gain of PI controller: K=4 6 Z

The damping of PI controller: r=0.005.

The corner frequency of PI controller: f=1/T=1884rad/s

So the transfer function of traditional Pl controller is @F@ x})
Torl_ 4@1884. N

Ts+r %-605x1884\
ag

gée crosm&quency should be adjusted to the

In order to keep the stability, @(
range of frequencies from 140 Hz to 3.9kHz by’ ngd-order low-pass filter with the corner
frequency o, =2nx2000rad/s , the iv@mg rauo&&. So the transfer function is

Q’ fQ‘% (27x2000)°

Cp (5)=K

(10)

F2 (S): N 2 (11)
s™2Lw, S s° +2x0.707 x 277 x 2000s + (277 x 2000)
The open-loop transl@ﬁction of inner current loop is
O G, (9= (IF.(S)G(S) 12)

The &oop amplitude-frequency curve after regulation in Figure 6 shows that the PI
controller and the second-order low-pass filter not only increase the low-frequency amplitude
but also increase the phase shift of G(s) at the corner frequency which reduces from 4.06 kHz
to 2.79 kHz with the gain margin of 11.2dB.
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Bode diagram of closed-loop transfer function G_(s) in F at'¥he output can

track the command signal accurately below 100Hz. T fundamentally
the same as the input amplitude and the phase lag problém ppears‘%h 100Hz. Due to the
high high-frequency attenuation of LCL filter, th monic ent of the grid-side
current is so low that the gain of PI controller ¢ igned rfor guaranteeing better
low-frequency control precision. At the close m@esona réguency, the resonance peak
amplitude is 7.01dB. Above all, the fee trol |de current in the inner current
loop can acquire better fundamenta rent C& ect but has bad performance in
tracking harmonic command S|gnald'l%hard to realize 2ero static error for tracking harmonic
current. The phase lag for tracking 400-Hz § reaches 36.3 degree, which seriously
influencing the precision of the h n|c co ion of cascade STATCOM.
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Figure 7. Bode plots of G_(s)

The feedback control of grid-side current in the inner current loop can acquire better
fundamental-wave current control effect but has bad performance in tracking harmonic
command signal. For the high-gain of harmonic signal of repetitive internal model controller,
the repetitive control is adopted as the outer control loop. Because the regulation of the
repetitive control in the outer current control loop aims at reducing tracking error of the inner
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current control loop, the regulation time is greatly reduced. The system achieves better
tracking performance and higher steady precision by combining the inner and outer current
loop. The system structure is shown in Figure 8. The repetitive controller includes three parts:

the repetitive internal model controller, the cycle delay part z™" and the regulation part S (2).
Considering the stability, the ideal integral is weakened as quasi-integral, so Q (z) is slightly
less than 1 and is chosen as 0.98 in this paper.

" e I T i
I +4e' S A E Time +‘* § i
B P e DLl e
- | A— |
Q)" N )
_repefifive control in the outer loop! ! the inner loop

|

|

] ]

Figure 8. The control loop diagra%. 6

According to Figure 7, the peak value at the LCL filter resf q c&hes 7.01dB.
For avoiding losing low-frequency gain, notch filter ig"adgpted to atten the resonance
peak. Considering the amplitude frequency and the pha eque cteristics of notch
filter, the trap frequency is chosen as 5.4 kHz for n ly restraining\ghe resonance peak but

also having an ideal phase frequency curv tran$ unction of notch filter
is F(z) =0.25(z% +1)* / . Five-beat delay of is used to compensate the

% ital cowl
phase delay of inner current control. The repetitive co® pensator is
Zy=F(z)xz

e
N

(13)

/

%
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&
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Figure 9. Nyquist diagrams of T_(z)

The nyquist curve of the open-loop transfer function of dual-loop control given by

TO(Z):WZ'NS(Z)GC(Z) does not enclose the critical point (-1,0j) in Figure 9, so the
closed-loop system is stable.
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The tracking error of inner loop is

i, —I 1
)=, >0, =2>=2= 14
(; -1,)Q.(2) = YYD 14)
The tracking error of dual-loop is
-N .*_.
(i} —i,) x ———— S(2)xG,(2) =i, => b, =22 = —Q(2) ‘

1-Q)z ™" o Q(Z)+S(Z€5
The bode graph of @, in Figure 10 shows that the tracki ﬁ\% of g at 400-Hz

signal reduces from -7.94dB (equivalent to 40%) of the op to -3 (equivalent to
1.35%), and the phase frequency curve of dual-loop can nside the same with the
command signal, which play an important role Uarmonic c nsation of cascade

STATCOM.
>
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ability 0 inner loop for grid disturbance restraint becomes gradually worse with the
increase of’the frequency. Eight-order harmonic amplitude attenuation of the inner loop is
only -10.5dB. After adding the repetitive control in the outer loop, the ability of the dual-loop
for grid disturbance restraint is greatly enhanced. Eight-order harmonic amplitude attenuation
of the dual-loop is -48dB. The dual-loop control ensures good restrain capability of grid
disturbance below 800 Hz.

Bode %Q dual-loop control for grid disturbance restraint in Figure 11 shows that the
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Figure 11. the bode graph of e(z)/i,(z) . x)

Above all, the dual-loop current control method in this paper greatly improv eady-
state performance, which not only restrains efficiently gri hs%ohic ist e below
some prasgical merits in

800Hz but also tracks command signal below 2 kHz well, a%

engineering application. Q \)

4. Prototype Experiments

The key parameters are S =2.8Mvar , f, =1 @1 , T =.2\%—Iz, U, =6KV. The main
processing chip used in the cascade STA is X3SD1800FG676 provided by Texas
Instruments. The power switch devic iS FF 4 provided by Infineon. The
drive module is 25C0108T provide@ ept. Operation effect is tested by oscilloscope.

@j gﬁi

e |

L T ]

Load

Power
cabinet!

Figure 12. Diagram of prototype test

Compensat
or

Consideration the limitation of the transformer capacity in the laboratory, two cascade
STATCOM prototypes are accessing power grid, one simulates the load, and the other
simulates the compensator, the structure is shown in Figure 12.
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This paper proves the validity of the control strategy in two aspects: steady state current
compensation and dynamic response speed.

1. Steady state current compensation

(1) Close 1QF, before the compensator and the load are ready to run
(i,=i,=i,=20A ;i,=0A ;i =0A), the current is mainly the absorption capacitance current of the

capacitors.
(2) Close 1QS, when the compensator puts into operation (i =0A ;i,=i_=20A ;i =0A), the

compensator absorbs 20A inductive current and compensates the capacitive current
completely.

(3) Close 2QS, the load puts into operation. As shown in Figure 13, channel
current waveform of the compensator, channel 4 is B-phase currsnt wavefor

r absorbs
of the fixed

The load acts as inductive load (i =142.61A ;i =0A ;i,=120.51A the co

120.51A capacitive current, with the addition of 20 i re

capacitors, the compensator can be regarded having sat ductive current
completely with the tracking error of command signa of Z % Si , the wave figure of
compensating the harmonic current in Figure 14 S at the pensator can compensate

the inductive harmonic current completely wi tracklng or of command signal of
S

3.12%. Above all, the compensator has dgxr cision in compensating both
undistorted current and harmonic cur&@ i
Agllent Techn@ms \Q
2 10044 ° 3\ /4 gum 0.0 20008/

1 |4 (RES {Value 1/42. 61A4)
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Figure 13. The static undistorted current compensation
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2. Dynamic response speed
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5. Conclusion

This article puts forward the parameters design scheme of LCL filter with the
consideration of the filtering effects of high-frequency ripple, voltage loss and the efficiency
of the device. Then the problem of closed-loop stability of instantaneous grid-side current
feedback control of LCL filter is solved by the time delay link and PI controller for ensuring
high dynamic response and low-frequency stable precision. Finally, for the difficulty in
eliminating static error of tracking harmonious command signals of the inner current control
loop, the repetitive control loop based on internal principle is used as outer current to
construct double-loop control, so that both high dynamic response and small steady-state
error can be obtained. Simulation and the actual device experiments validate the feasibility of

the design. x).

Acknowledgements Yv
This work was supported by the Research Fund for the Doctoral Pro;rarp of HigheR Edutation of

China under grant 20110095110014 and by the Key (Key grant jact of inistry of
Education under grant 311021.

References X
[1] K. Wanchai, A. Apinan and S. -N. Worawat, “Power f% rovement voltage harmonics reduction in

pulse width modulation ac chopper using bee colory, ization”, | chnlcal Review (Institution of
Electronics and Telecommunication Engineers, Indi Issumz 3) May-June, pp.173-182.

[2] H. Park,J. Song and H. Wada M., “Comparatlv on th % f shunt active power filters in 25 kV

ics and Telecommunication Engineers,

India), vol. 29, Issue 5, (2012) September- , pp. 421-4

[3] R. Ahmed, “A position control review photovqlta stem: Dual axis Sun Tracker”, IETE Technical
Review (Institution of Electronics d Telecommu a Engineers, India), vol. 28, Issue 6, (2011)
November-December, pp. 479-48

AC railway systems”, IETE Techmcal eéle tutlon

[4] S. Mori, K. Matsuno and Te “Devel f large static var generator using self-commutated
inverters for improving po m stablllt Transactions on Power System, vol. 8, Issue 1, (1993),
pp. 371-377.

[5] L. Wenhua, L. X
Automation of Eled
[6] F Z.Pengand J. S.

) |rong, ent of 20Mvar STATCOM employing GTO inverters”,
ower Syste Issue 23, (2000), pp. 19-23.
rmance and control of a static var generator using cascade multilevel

[7] F. Z. Peng and J. S. Lai, “ ultilevel voltage-source inverter with separate DC sources for static var
generation”, IEEE Trans n Industry Applications, vol. 32, Issue 5, (1997), pp. 1130-1137.

[8] W. Zhaoan and L. Ji Y “An advance of Harmonic Suppression and Reactive Power Compensation

Technique for Powey Electronic Equipment”, Power Electronics, vol. 31, Issue 1, (1997), pp. 100-104.

[9] F.Z.Peng,J. W. eever and D. J. Adams, “A Multilevel VVoltage-source Inverter with Separate DC Source

for Static Var rtion”, IEEE Transactions on Industry Applications, vol. 32, Issue 5, (1996), pp. 1130-

1138.

[10]C. Y in and T. Yibin, “Grid-side LCL filter of Three-Phase Voltage Source PWM Rectifier”,
Transa of China Electrotechnical Society, vol. 2, Issue 9, (2007), pp. 124-129.

[11]C. Yunping, D. Kai and S. Jianjun, “Design of the LPF Employed in the link of the Shunt Active Power Filter
and Power System”, Automation of Electric Power System, Vol. 29, Issue 3, (2005), pp. 65-68.

[12] L. Fei, Z. Xiaoming and D. Shanxu, “Design and Research on Parameter of LCL Filter in Three-Phase Grid-
Connected Inverter”, Transactions of China Electrotechnical Society, vol. 25, Issue 3, (2010), pp. 111-112,
114.

[13]Z. Xianping, L. Yaxi and P. Lei, “Analysis and design of LCL type filter for three-phase voltage source
rectifier”, Electro-technical Application, vol. 26, Issue 5, (2007), pp. 65-67.

[14] M. Salo and H. Tuusa, “A new control system with a control delay compensation for a current-source active
power filter”, IEEE Transactions on Industrial Electronics, vol. 52, (2005), pp. 1616-1624.

[15]E. Twining and D. G. Holmes, “Grid current regulation of a three-phase voltage source inverter with a LCL
input filter”, IEEE Transactions on Power Electronics, vol. 18, Issue 3, (2003), pp. 888-895.

Copyright © 2014 SERSC 319


http://www.engineeringvillage.com/search/results/quick.url?CID=quickSearchCitationFormat&searchWord1=%7bKhamsen%2C+Wanchai%7d&section1=AU&database=3&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/results/quick.url?CID=quickSearchCitationFormat&searchWord1=%7bAurasopon%2C+Apinan%7d&section1=AU&database=3&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/results/quick.url?CID=quickSearchCitationFormat&searchWord1=%7bSa-Ngiamvibool%2C+Worawat%7d&section1=AU&database=3&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/results/quick.url?CID=quickSearchCitationFormat&searchWord1=%7bRhif%2C+Ahmed%7d&section1=AU&database=3&yearselect=yearrange&sort=yr

Inter

national Journal of Control and Automation

Vol.7, No.1 (2014)

[16] V. Blasko and V. Kaura, “A novel control to actively damp resonance in input LC filter of a three-phase

[17]

(18]

voltage source converter”, IEEE Transactions on Industrial Applications, vol. 33, Issue 2, (1997), pp. 542-550.
X. Zhenglong, S. Liping, C. Libing and Y. Xiaodong, “Parameter design of cascade multilevel STATCOM in
medium voltage based on LCL filter”, Journal of China Coal Society, vol. 38, Issue 8, (2013), pp. 1503-1510.

L. Fei, Z. Xiaoming and D. Shanxu, “Design and Research on Parameter of LCL Filter in Three-Phase Grid-
Connected Inverter”, Transactions of China Electrotechnical Society, vol. 25, Issue 3, (2010), pp. 111-112,114.

Authors

Zhenglong Xia. He is current a PhD candidate at China University of
Mining and Technology (CUMT), China. He received his MS degree in
Information and Electrical Engineering from CUMT in 2008, and Pﬁ\l??‘
degree in Information and Electrical Engineering from CUMT #,2005.
He is currently a student at School of Information a ctrical
Engineering, CUMT. His research interests ar regctive c r@a ion of
power system, fault diagnosis, distributedh@fl proce§sj nd neural

network. \)

320

Liping Shi. She is born in 1964, Ph.D. She i ofessor at School of
Information and Electrical Er@lng in T. Her research interests
are coal mine mechanicélxl electrica ipment and automation,
application of power el ics i systems, and equipment and
power grid operation It di % he has published more than 30
research papers iij als and “iqternational conferences and she has
won more than e provingial scientific research awards. Now she is
presiding research fund fo octoral Program of Higher Education of
China gnt&nt 2013%M 10014 and by the Key (Key grant) Project

E

of Ch'&esg Inistry of
%iaod nw\ng. He is current a PhD candidate at China University
ini(n% echnology (CUMT), China. He received his MS degree

cation under grant 311021.

0

in Infor, n and Electrical Engineering from CUMT in 2008 and his
BS in Information and Electrical Engineering from CUMT in
20& is currently a student at School of Information and Electrical
ngineering, CUMT. His research interests are fault diagnosis,
tributed parallel processing, and neural network.

Copyright © 2014 SERSC





