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Abstract

This paper displays a transformer less static synchronous compensator
(STATCOM) framework in light of multilevel Fspan converter with star
design. The proposed control strategy is dedicating them to the present circle
control as well as to the dc capacitwwltage control. With respect to the
present circle control, a nonlinear controller in view of the lack of involvement
based control (PBC) hypothesis is utilized as a part of this structure
STATCOM surprisingly. With regards to the dc capacitor voltagetrol,
general voltage control is acknowledged by embracing a corresponding full
controller. Bunched adjusting control is acquired by utilizing a dynamic
aggravations dismissal controller. Singular adjusting control is accomplished
by moving the regulatiowave vertically which can be effectively executed in

a field-programmable door exhibit. Two genuinesplan fell STATCOMs
appraised at 10 kV 2 MVA are developed and a progression of check tests are
executed Here fuzzy logic is used for controlling andngpared with other
controller the simpered systems tool has proved that the combined system will
at the same time inject maximum power gmwvide dynamic frequency
support to the gridThe trial results demonstrate thatspan fell STATCOM

with the propose control strategies has fantastic element execution and solid
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heartiness. The dc capacitor voltage can be kept up at the given esteem
successfully.

Keywords: Active disturbances rejection controller (ADRC),-biidge
cascaded, passivilyased control (PBC), proportional resonant (PR)
controller, shifting modulation wave, static synchronous compensator
(STATCOM).

|. INTRODUCTION

FLEXIBLE ac transmission systems (FACTS) are being increasingly used in power
system to enhance the system utilization, pavansfer capacity as well as the power
guality of ac system interconnections [1], [2]. As a typical shunt FACTS device, static
synchronous compensator (STATCOM) is utilized at the point of

Normal association (PCC) to assimilate or infuse the requirsgonsive force,
through which the voltage nature of PCC is moved forward. As of late, numerous
topologies have been connected to the STATCOM. Among these distinctive sorts of
topology, Hspan fell STATCOM has been broadly acknowledged in -baitrol
applications for the accompanying focal points: snappy reaction speed, little volume,
high effectiveness, insignificant collaboration with the supply lattice and its individual
stage control capacity. Contrasted and a dmdehed converter or flying capacitor
converter, Hspan fell STATCOM can acquire a high number of levels all the more
effortlessly and can be associated wilie network straiptforwardly without the
massivetransformer. This empowers us to diminish cost and enhance executien of H
extension éll STATCOM.

There are two specialized difficulties which exist irsphn fell STATCOM to date.

To begin with, the control strategy for the present circle is an essential component
affecting the pay execution. Notwithstanding, numerous-pefect variables, for
exampe, the constrained data transfer capacity of the yield current circle, the time
delay instigated by the sign identifying circuit, and the reference charge current era
procedure, will break down the pay impact. Secongpkin fell STATCOM is a
confused frarawork with numerous +pan cells in every stage, so the dc capacitor
voltage unevenness issue which brought about by various

Dynamic force misfortunes among the cells, distinctive exchanging designs for
various cells, parameter varieties of dynamic aatént segments inside cells will
impact the dependability of the framework and even prompt the breakdown of the
framework. Consequently, bunches of inquires about have concentrated on looking
for the answers for these issues.
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II. CONFIGURATION OF THE 10 KV 2 MVA STATCOM SYSTEM
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Fig.1 (a): Actual 10kV 2MVA H-bridge cascaded STATCOM hardware view.

Fig. 1 shows the circuit configuration of the 10 kV 2 MVA stanfigured
STATCOM cascading 12 Hdridge pulse width modulation (PWM) converters in each
phase and it can be expanded easily according to the requirement. By controlling the
current of STATCOM directly, it can absorb or provide the required reactive current
to achieve the purpose of dynamic reactive current compensation. Finally, the power
quality of the grid is improved and the grid offers the active current only. The power
switching devices working in ideal condition is assumesh, usb and usare the
threephase voltage of gridua, uh and ucare the thre@hase voltage of
STATCOMuisa, ish andiscare the threg@hase current of grida, ib, andicare the
threephase current of STATCOMIa, ilb, andilcare the threghase current of load.
Udcis the reference voltage of dc capacitis the dc capacitot. is the inductorRs

is the staiing resistor.
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Fig.1 (b): Actual 10kV 2MVA H-bridge cascaded STATCOM configuratisystem.
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TABLE |
CIRCUIT PARAMETERS OF THE EXPERIMENTAL SYSTEM

Grid voltage U 10 kV
Rated reactive 0] 2 MVA
AC inductor L 10 mH
Starting resistor R, 4 kQ
DC capacitor
. C 5600 uF
capacitance
DC capacitor reference
Ude 800V
voltage
Number of H-bridges N 12
PWM carrier frequency f 1 kHz

The modulation technology adopts the carrier pisieed sinusoidal PWM
(abbreviated as CPSPWM) with the carrierfrequency of 1 kHz. Then, with a
cascade number &f = 12, the ac voltage cascaded results in-&28&l waveform in
line to neutral and a 48vel waveform inline to line. In each clustararrier signals
with the same frequency as 1 kblz phase shifted by A2 from each other. When a
carrier frequency isas low as 1 kHz, using the method of phskifted unipolar
sinusoidal PWM, it can make an equivalent carrier frequenbygasas 24 kHz.

@ﬁi’i/"\.% H-bridge cascaded
STATCOM
10kv | T T ]
50Hz (PT | 3 1 | 1
2 O L ' A

'CPLD| [CPLD| +-+ |CPLD|
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Fig.2: Digital control system for 10 k2 MVA H-bridge cascaded STATCOM.

[lIl. CONTROL ALGORITHM

Fig. 3 shows a block diagram of the control algorithm Fbbridge cascaded
STATCOM. The whole control algorithmainly consists of four parts, namely, PBC,
overall voltagecontrol, clusteredbalancing control, and individual balanciogntrol.
The first three parts are achieved in DSP, while thepkastis achieved in the FPGA.
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Fig.3: Control block diagram for the 10 kV 2 MVA-Hridge cascaded STATCOM.

A. PBC

Referring to Fig. 1, theoflowing set of voltage and curreafjuations can be derived:
R0 5 YQ

g0 © °
20 YQ

'Qo

,— 06 6 'YQ (1)

Where R is the equivalent series resistance of the inductor. Applyiregdi q
transformations (1), the equationgding axis areobtained
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Equation (2) is written as the following form:
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Along with selectingid and igas statevariables, it gives the following EL system
model of (3):

0 LWYWL O 4)

Wherex = [id iq]is the state variable.

M =[L OOL ]is the positivadefinite inertial matrix and

M =MT.J=[07Tv L ¥OListhe dissymmetry interconnection matrix and

J=1JT. R=[R0O OR] is the positive definite symmetric matrix which reflette
dissipation characteristic of the system.

u = usd udusdugs the exteral input matrix which reflects the energy exchange
between the system and environment.

VQuTyT Q(x) )

Assume the energy storage function as (6) fdiridge cascadeS8TATCOM

G -®0® -0Q 0 (6)

By taking the derivative o¥ and utilizing antisymmetriccharacteristic ofl, (7) is
obtained as follows:
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Fig.4: Block diagram of PBC.

B. Overall Voltage Control
As the main level control of the dc capacitor voltage adjusting, the point of the
general voltage control is to keep the dc mean voltage of all converter cells
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approaching to the dc capacitor reference voltage. The normal methodology is to
embrace the route Pl controller which is easy to actualize. In any case, the yield
voltage and current of 4dcaffold fell STATCOM are the force recurrence sinusoidal
variables and the yield force is the twofold power recurrence sinusoidal variable, it
will make the dc apacitor likewise has the twofold power recurrence swell voltage.
In this way, the reference current which is gotten during the time spent the general
voltage control is not a standard dc variable and it likewise has the twofold power
recurrence rotatinggst and it will decrease the nature of STATCOM vyield current.

oifi Q0 — (8)

Where kp is the proportional gain coeffici
the cutof f idtheergsanam freguencyy Kr influences the gain of the
controller but the bandwidth. With kr increasing, the amplitude at the resonant
frequency is also increased and it plays a role in the elimination of the -staaely

error. <v¥c i n fthewenmotiee and thelbandwadéhi n o

Bode Diagram
30 e

10}

Magnitude (dB)

88 8 8 o &
\ \
\

o

/

Phase (deg)
|
1

10 10
Frequency (radisec)

Fig.5: Bode plots of the PR controller.
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Fig.6: Block diagram of overall voltage control.

C. Clustered Balancing Control

Taking the clustered balancing control as the second ¢evefol of the dc capacitor
voltage balancing, the purpose is to keep the dc mean voltage of 12 cascaded
converter cells in each cluster equaling the dc mean voltage of the three clusters.
ADRC is adopted to achieve it.
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1) H-bridge cascaded STATCOM is a fimtersystem; thus, thiérst-order ADRC is
designed. Taking the dc capacitor voltage of each cluster as the controlled object for
analysis, the clustered balancing control model is built and the input and output
variables and the controlled variable of the controlled objeaetegmined.

2) By using the nonlinear tracking differentiator (TD) which is a component of
ADRC, the transient process for the reference input of the controlled object is
arranged and its differential signal is extracted.
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Fig.7: Block diagram of clustred balancing control.

D. Individual Balancing Control

As the overall dc voltage and the clustered dc voltage@rolled and maintained,

the individual control becomes necessary because of the different cells have different
losses. The aim of the individual balancing control as the third level control is to keep
each of 12 dc voltages in the same clusigualingto the dc mean voltage of the
corresponding cluster. It plays an important role in balancing 12 dc mean capacitor
voltages in each cluster.

Due to the symmetry of structure and parameters among the three phpkase a
cluster is taken as an example fbe individual balancing control analysis. Fig. 8
shows the charging and discharging states of one cell. According to the polarity of
output voltage and current of the cell, the state of the dc capacitor can be judged.
Then, the dc capacitor voltage wik ladjusted based on the actual voltage value.
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Fig.8: Charging and discharging states of one cell.
(a) Charging state. (b) Discharging state.
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Fig.9: Process of shifting modulation wave.

The previous principle is also suitable for reduaihgcharging time and prolonging

the charging and discharging times of the cell. Summing up the previous analysis, the
method can be illustrated as follows.1) If the requirement is to reduce the duty cycle,
it needs to shift down the normal modulation weaed shift up the opposite
modulation wave.?2) If the requirement is to prolong the duty cycle, it needs to shift up
the normal modulation wave and shift down the opposite modulation wave.
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Fig.10: Flowchart of shifting modulation wave.

V. FUZZY LOGIC CONTROL

The Fuzzy logic control consists of set of linguistic variables. Here the PI controller is
replaced with Fuzzy Logic Control. The mathematical modeling is not required in
FLC. FLC consists of

1.Fuzzification

Membership function values are assigt@dinguistic variables. In this scaling factor
is between 1 andl.
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Fig.11 Simulated diagram by fuzzy logic controller.

2. Inference Method
There are several composition methods such asNMWaxand MaxDot have been

proposed and Min method is used.

3. Defuzzificaion
A plant requires non fuzzy values to control, so defuzzification is used. The output of

FLC controls the switch in the inverter. To control these parameters they are sensed
and compared with the reference values. To obtain this the m&mppéunctions of

fuzzy controller are shown in fig (7).

The set of FC rules are derived from

u=[ U EU}~* CL )
Wh e r e Uadjustablesfaetbrfwhich can regulate the whole operation. E is the

error of the system, C is the change in error and u is the control variable. A large
value of error E indicates that given system is not in the balanced state. If the system
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is unbalanced, the controller should enlarge its control variables to balance the system
as early as possible.

Fuzzification |—p» g:: 4—p Defuzzification
t —) v
Normalization nierence Denormalization
S'ensor Process Final control
[ — o E— element

Fig.12 Fuzzy logic Controller

V. SIMULATION RESULTS

To verify the correctness and effectiveness of tlup@sed methods, the simulation
platform is built according to the second part of this pdpemsing fuzzy logic
controller Two Hbridge cascaded STATCOMs are running simultaneously. One
generates the set reactive current and the other generates the compensating current
that preventshe reactive current from flowg into the grid. The simulatias divided

into two parts: thecurrent loop control simulatiomnd the dc capacitor valge
balancing control simulationin current loopcontrol simulation, the measured
simulatioral waveformis the current of @hase cluster and it is recorded by the
oscilloscope. In dc capacitor vafie balancing control simulatipthe value of dc
capacitor voltages areansferredinto DSP by a signal acquisition system and they
can be recorded and obsatvey CCS software in computer. Finally, with the
exported experimental data from CCS, experimental waveform is plotted by using
MATLAB by using fuzzy logiccontroller.

A. Current Loop Control:

The current loop control simulatioms divided into four procsses:steadystate
process, dynamic process, starfupcess, and stopping procdsg. 13 shows the
simulationresults verifying the effect of PBC in steaslate process. As shown in
Fig. 13(a), it is the simulatiomesult of the full loadest. With the proposed control
method, the reactive current is compensated effectively. The error of the
compensation is very small. The residual current of the grid is also quite small. The
waveforms of the compensating current and the reactive current are smodileyand
have the small distortion and the great sinusoidal shape. As showg I3f), it is

the simulatiorresult of the over load testvhen STATCOM is running in over load
state (about 1.4 times current rating), due to the selected IGBT has beendréserve
enough safety margin, STATCOM still can run continuously and steadily. The over
load capability of STATCOMis improved greatly and the operating reliability of
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STATCOM in practical industrial field is enhanced effectively. However, considering
the ower load capability of other devices.

Fig.13. Simulatedresults verify the effect of PBC in steadtate process. (a) Chl:
reactive current; Ch2: compensating current; Ch3: residual current of grid. (b) Ch1l:
reactive current; Ch2: compensating current; Ch3: residual current of grid.

Fig.14. Simulatedresuts show the dynamic performance of STATCOM in the
dynamic process. Chl: reactive current; Ch2: compensating current; Ch3: residual
current of grid
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Fig.15 Simulatedresults in the startup process and stopping process. (a) Chl:
reactive current; Ch2: compensating current; Ch3: residual current of grid. (b) Chl:
reactive current; Ch2: compensating current; Ch3: residual current of grid.

Fig.16: Simulatedwaveformdor testing clustered balancing control in the startup
process and dynamic process. DC mean voltage of all convertdd celts dc mean
voltageUk dc k=a, b, g of 12 cascaded converter cells in each cluster.



