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ABSTRACT

This paper is proposed a transformer less static synchronous compensator (STATCOM) system based on multi -level
H-bridge converter with star configuration to compensate the reactive power in transmission system. This proposed
system with controller devotes themselves not only to the current loop control but also to the dc capacitor voltage
control. With regards to the current loop control,a nonlinear controller based on the passivity-based control theory
is used in this cascaded structure of STATCOM. As to the dc capacitor voltage control, overall voltage control is
realized by adopting a proportional integral controller. Individual balancing control is achieved by shifting the
modulation wave vertically. Also fuzzy logic control controller has used instead of Pl controller to have balanced
DC-link Voltage. A three phase five-level H-bridge cascaded STATCOM has designed using MATLAB software for
theoretical analysis. The dc capacitor voltage can be maintained at the given value effectively using the proposed
control.

Keyword: - H-bridge cascaded, proportional Integral resonant (PIR) controller, Fuzzy logic control, static
synchronous compensator (STATCOM).

1. INTRODUCTION

Numerous industrial applications have begun to require higher power apparatus in recent years. Some medium
voltage motor drives and utility applications require medium voltage and megawatt power level. For a medium
voltage grid, it is troublesome to connect only one power semiconductor switch directly. As a result, a multilevel
power converter structure has been introduced as an alternative in high power and medium voltage situations. A
multilevel converter not only achieves high power ratings, but also enables the use of renewable energy sources.
Renewable energy sources such as photovoltaic, wind, and fuel cells can be easily interfaced to a multilevel
converter systemfor a high power application.

The term multilevel began with the three-level converter. The term multilevel converter is utilized to refer to a
power electronic circuit that could operate in an inverter or rectifier mode. Subsequently, several multilevel
converter topologies have been developed. However, the elementary concept of a multilevel converter to achieve
higher power is to use a series of power semiconductor switches with several lower voltage dc sources to perform
the power conversion by synthesizing a staircase voltage waveform. Capacitors, batteries, and renewable energy
voltage sources can be used as the multiple DC voltage sources. The commutation of the power switches aggregate
these multiple dc sources in order to achieve high voltage at the output; however, the rated voltage of the power
semiconductor switches depends only upon the rating of the dc voltage sources to which they are connected.

Flexible ac transmission systems (FACTS) are being increasingly used in power system to enhance the system
utilization, power transfer capacity as well as the power quality of ac system interconnections [1], [2]. As a typical
shunt FACTS device, static synchronous compensator (STATCOM) is utilized at the point of common connection
(PCC) to absorb or inject the required reactive power, through which the voltage quality of PCC is improved [3]. In
recent years, many topologies have been applied to the STATCOM. Among these different types of topology, H-
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bridge cascaded STATCOM has been widely accepted in high-power applications for the following advantages:
quick response speed, small volume, high efficiency, minimal interaction with the supply grid and its individual
phase control ability [4]-[7]. Compared with a diode-clamped converter or flying capacitor converter, H-bridge
cascaded STATCOM can obtain a high number of levels more easily and can be connected to the grid directly
without the bulky transformer. This enables us to reduce cost and improve performance of H-bridge cascaded
STATCOM [8].

There are two technical challenges which exist in H-bridge cascaded STATCOM to date. First, the control method
for the current loop is an important factor influencing the compensation performance. However, many non ideal
factors, such as the limited bandwidth of the output current loop, the time delay induced by the signal detecting
circuit, and the reference command current generation process, will deteriorate the compensation effect. Second, H-
bridge cascaded STATCOM is a complicated system with many H-bridge cells in each phase, so the dc capacitor
voltage imbalance issue which caused by different active power losses among the cells, different switching patterns
for different cells, parameter variations of active and passive components inside cells will influence the reliability of
the system and even lead to the collapse of the system. Hence, lots of researches have focused on seeking the
solutions to these problems.

In terms of current loop control, the majority of approaches involve the traditional linear control method, in which
the nonlinear equations of the STATCOM model are linearized with a specific equilibrium. The most widely used
linear control schemes are Pl controllers [9], [10]. In [9], to regulate reactive power, only a simple PI controller is
carried out. In [10], through a decoupled control strategy, the Pl controller is employed in a synchronous d—q frame.
However, it is hard to find the suitable parameters for designing the PI controller and the performance of the Pl
controller might degrade with the external disturbance. Thus, a number of intelligent methods have been proposed to
adapt the PI controller gains such as particle swarm optimization [11], neural networks [12], and artificial immunity
[13].

In literature [14], [15], adaptive control and linear robust control have been reported for their anti external
disturbance ability. In literature [16], [17], a popular dead-beat current controller is used. This control method has
the high bandwidth and the fast reference current tracking speed. The steady-state performance of H-bridge
cascaded STATCOM is improved, but the dynamic performance is not improved. In [18], a dc injection elimination
method called IDCF is proposed to build an extra feedback loop for the dc component of the output current. It can
improve the output current quality of STATCOM. However, the circuit configuration of the cascaded STATCOM is
the delta configuration, but not the star configuration. Moreover, an adaptive theory-based improved linear
sinusoidal tracer control method is proposed in [19] and a leaky least mean square-based control method is proposed
in [20]. But these methods are not for STATCOM with the cascaded structure. By using the traditional linear control
method, the controller is characterized by its simple control structure and parameter design convenience, but poor
dynamic control stability.

Other control approaches apply nonlinear control which directly compensates for the system nonlinearities without
requiring a linear approximation. In [21], an input-output feedback linearization controller is designed. However,
the implementation of these controllers is very complex To enhance robustness and simplify the controller design, a
passivity-based controller (PBC) based on error dynamics is proposed for STATCOM [27]-[30].

However, it cannot be widely used due to fact that many non ideal factors are neglected. In [45] and [46], the
proposed method assumes that all cells are distributed with equal reactive power and it uses the cosine value of the
current phase angle. It could lead to system instability, when using the zero-crossing point of the cosine value. In
[47] and [48], the results of experiments are obtained in the downscaled laboratory system. Thus, they are not very
persuasive in this condition. In this paper, a new nonlinear control method based on PBC theory which can
guarantee Lyapunov function dynamic stability is proposed to control the current loop. It performs satisfactorily to
improve the steady and dynamic response. For dc capacitor voltage balancing control, by designing a proportional
resonant (PR) controller for overall voltage control, the control effect is improved, compared with the traditional Pl
controller. It finds its new application in H-bridge cascaded STATCOM for clustered balancing control. It realizes
the excellent dynamic compensation for the outside disturbance. By shifting the modulation wave vertically for
individual balancing control, it is much easier to be realized in field-programmable gate array (FPGA) compared
with existing methods.
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Fig-1: Configuration of the Cascaded H-bridge STATCOM.

2 PROPOSED CASCADED MLI STATCOM DESIGN

Fig. 1 shows the circuit configuration of the star-configured STATCOM cascading 12 H-bridge 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 assumed. usa, usb , and usc
are the three-phase voltage of grid. ua, ub , and uc are the three-phase voltage of STATCOM.isa, isb , and isc are the
three-phase current of grid. ia, ib , and ic are the three-phase current of STATCOM. ila, ilb , and ilc are the three-
phase current of load. Udc is the reference voltage of dc capacitor. C is the dc capacitor. L is the inductor. Rs is the
starting resistor.

TAB-I: CIRCUIT PARAMETERS OF THE EXPERIMENTAL SYSTEM

_ Grid voltage u; __10kV
Rated reactive | [} |  2MVA
AC inductor | L | 10 mH
Starting resistor R, 4 kQ
DC capacitor
P C 5600 uF

capacitance

DC capacitor reference

Uy, 600V
voltage
“Number of H-bridges | N | 2
PWM carrier frequency I | | kHz

3275 WwWWw.ijariie.com 21



Vol-2 Issue-6 2016 IJARIIE-ISSN(O)-2395-4396

Table | summarizes the circuit parameters. The cascade number of N = 12 is assigned to H-bridge cascaded
STATCOM, resulting in 36 H-bridge cells in total. Every cell is equipped with nine isolated electrolytic capacitors
which the capacitance is 5600 uF. The dc side has no external circuit and no power source except for the dc
capacitor and the voltage sensor. In each cluster, an ac inductor supports the difference between the sinusoidal
voltage of the grid and the ac PWM voltage of STATCOM. The ac inductor also plays an important role in filtering
out switch ripples caused by PWM. For selecting insulated-gate bipolar transistor (IGBT), considering the
complexities of practical industrial fields, there might be the problems of the spike current and over load.
Consequently, in order to ensure the stability and reliability of H-bridge cascaded STATCOM, and also improve the
over load capability, the current rating of the selected IGBT should be reserved enough safety margin. In the
proposed system, 1.4 times rated current operation is guaranteed, the peak current under the 1.4 times over load
condition is 224 A, the additional 76 A (30— 224 A =76 A) is the safety margin of IGBT modules. Due to the
previous considerations, the voltage and current ratings of IGBT which is selected as the switching element in main
circuit are 1.7 kV and 300 A.

3. CONTROL SYSTEM DESIGN

Fig. 2 shows a block diagram of the control algorithm for H-bridge cascaded STATCOM. The whole control
algorithm mainly consists of four parts, namely, PBC, overall voltage control, clustered balancing control, and
individual balancing control. The first three parts are achieved in DSP, while the last part is achieved in the FPGA.
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Fig-2: Schematic diagram of proposed system

Three-phase STATCOM is attached near to the load. The sensed DC link voltage Vpc, load voltages, V; and
currents, i j are manipulated via proposed controller to generate reference currents iri. Then, the

Switching signals that drive the Voltage Source Inverter (\VSI) are obtained from a hysteresis controller. A large DC
capacitor CDC is utilized for maintaining the voltage of STATCOM DC side constant. To filter the high frequency
switching ripples, a filter inductor is inserted between the STATCOM and the point of the common coupling.
Occasionally, the STATCOM is coupled to the system through a transformer, which may eliminate the need for
inductor filter.

The principles and fundamentals of the STATCOM are adequately highlighted in the literature [6-8]. The dynamic
model of the STATCOM is well addressed in [7]; thus the focus here is on the design of the DC side capacitor and
controller as given in the following sections.

1. Dimension of the DC-link capacitor
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In grid-connected wind induction generator system, the prime target of the STATCOM is partially and or fully
fulfilling the generator reactive power requirements, particularly under transient conditions. Moreover, it may
contribute in supplying load reactive power demands. This has the advantages of loading the transmission lines to
their maximum limits. STATCOM is dimensioned in a stand-alone IG based system, according to the generator and
the load reactive power requirements, considering the reactive power supplied by self excitation arrangements. In
the system under consideration, 3.75kW self-exicited IG is assumed to operate at 0.85 power factor (pf) lag. Thus,
this generator requires around 2.4kVAR at full load conditions. It is worth to mention that the fixed excitation
facilities are dimensioned for fulfilling only the generator reactive power at unity power factor full load operation at
rated speed, as they supply under such conditions around 2kVAR. Thus, an additional reactive power source has to
be employed for securing load requirements. Moreover, the capacitance bank excitation as mentioned suffers from
the inability to cope with abrupt load change in terms of maintaining system voltage and frequency. The voltage of
the DC-link voltage, VDC, generally fluctuates during transient conditions in the range of (1.4-1.8) times the peak
voltage of the AC voltage, Vpeak.

The value of the DC-link CDC could be estimated from the energy balance during a disturbance, at which the
STATCOM injects rated reactive power. Accordingly, the DC-link CDC is given by,

ol

_ de._’:mn\:l:
o o

Vo Vo
where Qrated_STATCOM, T and n are rating of STATCOM, periodic time of AC voltage cycle and ratio of
response time to supply periodic time respectively. VDCgx and VDCp, are the maximum and minimum allowed
limits of the DC voltage during a disturbance. The rated reactive power of the STATCOM, Qrated STATCOM is
2kVAR; this value is selected according to a load of 3.5kW at 0.85pf lag, which resembles rated load of the
generator. The DC-link capacitor CDC for system under concern is nearly 6mF, where the DC-link voltage VDC is
assumed to fluctuate between 1.8 Vpeak to 1.4 Vpeak of the AC voltage.

2. Control Design

The control is advised based on P-Q theory. This theory is comprehensively analyzed in [20, 21]. The schematic of
the proposed control technique is shown in Fig. 3. Load voltages and currents are transformed from abc to aff
coordinates; then load power are computed to defines the compensated power components. Finally, the reference
currents are expressed in abc coordinates and compared with the actual currents through hysteresis band controller.
A PI controller is used for regulating the DC- link voltage VDC.
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Fig-3: Proposed control scheme

Transforming load voltages, vLa, vLb and vLc, and currents, iLa, iLb and iLc, from (a-b-c) to (a-B-0) coordinates
through Clarke formula as,
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where f stands for voltage and current. The instantaneous active and reactive powers are given by

P=V,1, TVl =P &)
q=1,V,+ vV, =g+ (G

The active power p is considered to have two components: average p and oscillating p . The average component p
represents the value of the instantaneous real power, which is transferred from the power supply to the load.

p represents the oscillating energy flow per time unity, which naturally produces a zero average value; it represents
an amount of additional power flow in the systemwithout effective contribution to the energy transfer. Likewise, the
load reactive power q could be separated into an average g and oscillating g components. q corresponds to the
conventional three-phase reactive power, while g corresponds to a power that is being exchanged among the three
phases, without transferring any energy between source and load. A Butterworth high pass filter is used for
separating average and oscillating components of the active and reactive powers. After segregating the powers, the
components need to be compensated are given by,

q=(k<g (6)

The gain k is used for increasing the control applicability to generator type/system layout. For, example in case of
induction generator k is nearly equal to 1.0; as the STATCOM has to partially/fully satisfy the generator and load
reactive power requirements in case of stand-alone mode. It is worth to mention here, that the oscillating
components disappear in case of harmonic free loads; the reference currents in a-p are obtained from,

SR Y BN
AT e e My —p * { [
Dol Vo tve Vs Ve g |

The component pjoss , €quation (7), is added to account for the system losses. The reference currents could be
expressed in abc coordinates by,
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3. DC-link voltage Compensator

Commonly, a PI controller is used to suppress the fluctuation in the DC-link voltage of the STATCOM under non-
constant load conditions. The error signal that drives the controller usually is obtained by comparing the reference
Voc_ref and the DC voltage VDC. The response time of this scheme has the disadvantage of being slow. Thus, fast
acting DC-link voltage controller is proposed. The compensator is driven by the difference between V2 DC_ref and
\2

DC. The mathematical basis for this advised control is given in the following. A certain amount of active power,
Pioss, should be supplied to the STATCOM, to maintain the DC-link voltage VDC at the reference value,. Equating
Ploss by DC-link power yields,

PI:-:: :-"ITDC III [g)
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STATCOM dynamics equation is,

dv,. I
=— 10
dt C,. (10)
Substituting (10) into (9),
Lo dwv, C.. dV;
B, =Co Vi d:t: ;: dtDc (11)

Taking Vpc? as a state variable instead of V DC , Substituting x= Vpc?, averaging and extracting the transfer
function G(s), x(s)/Ploss(s),

2
Gls)=—— 12
sCoe (12)

4. SIMULATIONRESULTS

The MATLAB design of the proposed circuit is shown in fig.4. The response time of the system has drastically
improved due to the introduction of closed loop control system containing different control blocks for different
modes of control. Although the injection of harmonics occurs due to the introduction of power electronic equipment,
it is also compensated by active disturbances rejection controller.

Fig-5: The proposed control strategy for multi-level STATCOM
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This paper selects kp= 0.05, kr = 10, wc = 3.14 rad/s, and «0 = 100z as the PR controller parameters. kp = 0.5 and ki
= 0.01 are selected as the Pl controller parameters. The PI controller can make the voltage reach the target value

rapidly, but it still requires roughly double the settling time with a much larger overshoot (greater than 6%) than that
of the proposed controller.

9
|

] % = ¥ =
Bl
—E}:* ‘ | 7
* . .
n2 —4% oY ] —4%

O— -
Fig-6: The H-bridge block of Cascaded multi-level Statcom
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Fig-7: Non-linear load connected at the output section of the proposed system.

4.1 When Using PIR controller
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Fig-8: The input voltage and current of proposed circuit when using PI controller
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Fig-12: DC-link voltages of all six capacitors of proposed controller when using PI.

4.2 Fuzzy logic controller
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Fig-13: The proposed controller with Fuzzy logic controller instead of PI.
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Fig-14: DC-link voltages of all six capacitors of proposed controller when using PI.

Fig-15: Zoomed view of DC-link voltages of all six capacitors of proposed controller when using PI.

It is observed that the DC-link is unaffected when using robust Fuzzy logic controller instead of Pl controller.

5. CONCLUSION

This paper is proposed of STATCOM based on multilevel H-bridge converter with star configuration. A control
method has also proposed in detail. The proposed methods have the following characteristics. A nonlinear controller
is first used in STATCOM with this cascaded structure for the current loop control, and the viability is verified by
the simulation results. The PI controller is designed for overall voltage control and the experimental result proves
that it has better performance in terms of response time and damping profile compared with the Fuzzy controller.
The H-bridge cascaded STATCOM for clustered balancing control and the experimental results verify that it can
realize excellent dynamic compensation for the outside disturbance. The individual balancing control method which
is realized by shifting the modulation wave. The simulation results have confirmed that the proposed methods are
feasible and effective. In addition, the findings of this study can be extended to the control of any multilevel voltage
source converter, especially those with H-bridge cascaded structure.
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