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ABSTRACT

Recent developments in power systems mean that it will be increasingly difficult to reliably control power
transfers in highly interconnected systems using traditional slow response time control systems such as phase-
shifting transformers and passives shunts or series compensators.

This has recently led to studies of a new generation of FACTS (Flexible AC Transmission System) control devices,
using new power static components that can control both opening and closing: a FACTS device.

This paper introduces the STATCOM, a power device reliant on a semiconductor power switches for controlling
electrical networks. It serves to enhance the regulation of both active and reactive power transmitted through
power lines. Specifically, the STATCOM compensates the reactive energy of the lines, maintains the voltage levels
at the bus bars and enables the power source to operate with a unity power factor.

After a concise introduction to the operating principle of the STATCOM, a model is presented featuring key
control loops including Phase-Locked Loop (PLL), DC bus voltage control, and power control. Linear controllers
(Proportional Integral PI) are used and an approach using Fuzzy Logic Controllers (FLC) is tested. Simulation
results for a 400 kV line conducted within the Matlab/Simulink environment are presented, providing a
comparative analysis and discussion on the effectiveness of the adopted control strategies in addressing both
dynamic and static aspects of the system. Finally, a comparative study between the two approaches (PI and FLC)
is conducted and presented.

Keywords: Electrical Network Control, Reactive Energy Compensation, FACTS, STATCOM, NPC Multi-level
Inverter, PWM, PLL, Linear Control (PI), Fuzzy Logic Controllers (FLC).

1. INTRODUCTION

All power electronic-based devices aimed at enhancing power system operation are categorized under the FACTS
concept. The technology employed in these systems, utilizing static switches, provides them with greater speed
compared to traditional electromechanical systems. Additionally, they have the capability to control the power
flow within the network, thereby enhancing its effective carrying capacity while simultaneously maintaining or
improving network stability. [1].

A concise summary of the impact of using each FACTS to solve the various problems that hinder the smooth
operation of the power system is provided in Table (1).

Tab.1: Application of FACTS to Network Problem Solving.

Load control | Voltage control | Stability Transient | Amplitude of Oscillations
SVC + ++ + ++
STATCOM + +++ + ++
TCSC ++ + +++ ++
SSSC +++ ++ ++4 ++
UPFC +++ + + + +++ ++ +
low(+ +) : Medium, (+ ++) : strong
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Transmission lines play a crucial role in electrical networks, consisting of series and shunt impedances. The series
impedance can affect the maximum power capacity, while the shunt impedance, predominantly capacitive,
influences voltage regulation along the transmission line. Power flow is determined by the series impedance of the
line, alongside the input and output voltages of the mains, and the phase difference between these voltages.

FACTS are used to manipulate series and shunt parameters, as well as the phase shift of transmission line
voltages, in order to control power flow. [2].

Figure 1: summarizes the influence of the different parts of the UPFC on the power flow.

sva

(STATCOM)
V18, Vi v
Jeu de Jeu de ==l I
barre 1 barre 2
> 1
(Ea 7 Transformateur
o Faivs. déphaseur
= —sin(0; —05) Vi o
P, =L
Vil
I WVa
| AN s 2
SSIE:G XK Vi UPEC| v\,
LR

Fig.1: Techniques for active power flow control
The UPFC converter can therefore operate in four modes:
e Voltage regulation.
e Series compensation.
¢ Phase angle adjustment.
e Automatic mode.

Conventional compensators cannot achieve automatic mode. To demonstrate how the UPFC can influence the
power flow in this mode, the UPFC is connected to the starting point S, Figure (2).

The UPFC is represented by two ideal voltage sources. The S and R buses represent the input and the output of
the UPFC respectively, [3], [4], [5], [6].
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Fig.2: Vector diagram of transmission line with UPFC.

In this paper, an AC transmission system incorporating a STATCOM is investigated The study encompasses the
design, identification of references, and control blocks, including the utilization of different controllers (classical
PI and fuzzy PI).
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2. STATCOM STRUCTURE AND OPERATING PRINCIPLE
A STATCOM is a circuit with a single port connected in parallel with the mains. It utilizes forced switching, with
high switching frequencies of the switches. Its energy storage element is a capacitor, forming a DC port.

The main areas of application for the Power Controller include controlling power transits on lines are as follows:

The operation principle of the STATCOM is very similar to that of the synchronous compensator. The output
voltages are generated by an inverter rather than a rotating unit.

STATCOM is a circuit with a single port connected in parallel with the mains. It uses forced switching, with high
switching frequencies of the switches. Its energy storage element is a capacitor, forming a DC port..

The main areas of application for the Power Controller which controls power transits on lines are as follows:
o Improving the stability of electricity networks.

e Operating equipment and lines at full capacity.

¢ Interconnecting networks for improving overall grid reliability and resilience.

The exchange of reactive energy is performed by the control of the inverter voltage Vsh, which is in phase with
the bus bar voltage Vk=V where the STATCOM is connected.

Figure (3) shows the basic diagram of a STATCOM and its equivalent diagram whose role is to exchange reactive
energy with the grid. For this purpose, the inverter is coupled to the grid via a three-phase transformer.
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Fig.3: Basic diagram of a STATCOM and the equivalent diagram of a STATCOM

Equivalent

diagram

The operation can be described as follows:

The flow of active and reactive powers between these two voltage sources is given by:

P = "EaR o )

Q = 7= (Vi — Vig,cost) 0

From equations (1) and (2) it is evident that when the two voltages are in phase (6=0), there is only one reactive
power flow. The value of the power exchanged depends solely on the amplitudes of the two voltages Vk and Vsh.
There are three possible cases, all considering 6=0:

e If VK > Vsh: An inductive current Ish is established between the two voltage sources through the reactance
Xsh, this current is delayed by 90 degrees from Vk, the STATCOM absorbs reactive power from the
connection node and consequently the node voltage V1 decreases.
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e If Vk = Vsh: then Q = 0, signifying that no reactive power is generated or absorbed.

o If Vk < Vsh: Since the capacitive current Ish flowing through the choke is 90 degrees ahead of the node
voltage, the STATCOM generates reactive power at the connection node, i.e. the node voltage increases, [7].

Figure (4) shows the static characteristic of this converter.
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Fig.4: Static characteristics of a STATCOM

3. STATCOM MODELLING

STATCOM is the SVC version, consisting of a high-tech semiconductor-based voltage inverter IGBT, IGCT)
combined with a capacitor as a DC voltage source. They are all connected in parallel to the grid via a coupling
transformer, as shown in Figure 4, [8], [9].

The vector relationship between the currents and voltages of a phase on the AC side is expressed by equation (3).

= = - dl,
V- vs'h = Rsh Ish + Lsh ﬂth (3)

Or the values are in three-phase:

_ Va 3 Vash Lazh
V=|V|: Vi = Vo | : Lty = |Ioan 4)
V. Vesh Lean

When transitioning to the rotating reference frame (d, q), which serves as the synchronism reference frame. We
express the STATCOM state system, in matrix form, as follows:

d [Izhﬂ] _
dt Ishq -

-V
Where the Vector gﬂ _ ‘_f:d represents the system control vector.
g~ ‘shq

_h i

Lah [Ishﬂ] 1 ﬂ_vzhd] )
— _EL"‘ ' Ishq Len vq_vshq

sh

4. STATCOM CONTROL USING CONVENTIONAL PI CONTROLLERS

The main objective of the STATCOM is to compensate the reactive power on the bus bar, thereby ensuring the
stability of the bus bar voltage in various practical applications. To achieve this, it injects or absorbs a current
Ish*, which represents the reactive the power to be compensated. These currents (Ishd*, Ishq*) serve as the
reference variables for the STATOM and are determined based on the required power injection.

5. DC BUS CONTROL

The DC voltage across the capacitor must be kept constant. This necessitates the correction of this voltage by
adding an active current to the STATCOM reference current. This active current reflects the active power
consumed or supplied by the network. The power exchanged with the capacitor can be expressed by the following
equation: [10] [11] [12].
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172 172 mm
1 dl.-:= dirs, P

Fae =Fa =205 == = (6)

If we move to the frequency domain (Laplacian), we get the following:

vk _ 2

Bop | CeS 7

To obtain the Py, signal, we can choose between a proportional and an integral proportional controller. The latter
is often preferred because it cancels out the static error [10].

U ref P, i

Fig.5: DC voltage regulation.

The closed-loop transfer function of this system in Bode form is given below:

FO) = =i ®)
= 4 C C
With : @l =2
: c
[ 1
§ =K |2, ©)

We have selected & = 0.7 to achieve a favorable control coefficient. Additionally, to dampen fluctuations at 300
Hz and ensure effective filtering, we opt for:

b, = ZExac0
m T g

rad [sec (10)

Finally, the values of Kp = 0.105 and K; = 10 are obtained from equation (9).

6. CURRENT (POWER) CONTROL AND REGULATORS SYNTHESIS

The powers injected by the STATCOM are the reactive power Qsh* calculated as a function of the voltage drop,
and the active power (Psh* = 0), which represents the joule losses in the DC circuit and the switches in the
inverter, [13], [14].

These powers, which are the images of the active and reactive currents (Ishd*, Ishq*), are determined from the
following system of equations. These equations are written in the reference frame rotating synchronously (d, q):

Is-hd]_E 1 [vﬂ _v'!] [Pg']
[I;hq Tagealvy Ve lilog an

Where Vg4 and V are the bus bar voltages. The method of identifying the reference currents can be summarized by
the algorithm shown in Figure (6) below:
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Fig.6: Identification of reference currents.

From the observation, it's evident that there exists a natural coupling in the transfer of the Ishd and Ishq currents.
To eliminate this coupling effect, we use the compensation method employing PI regulators to regulate the
STATCOM output currents ensuring they closely track their respective Ishd* and Ishqg* set points. This is shown
in the block diagram in Figure (7).

-1,

Fig.7: Decoupling control.

In the same way, for the reactive current, we have to add the wys,q component and finally arrive at the STATCOM
control scheme using the decoupled Watt-Var method shown in Figure (8), [15].
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Fig.8: STATCOM regulation diagram.
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7.

CONTROL OF STATCOM BY A FUZZY LOGIC CONTROLLERS (FLC)

The general principle and the fundamental theory of fuzzy logic include aspects of possibility theory, which
involves sets of memberships called fuzzy sets that characterize the various quantities within the system to be
controlled. Furthermore, fuzzy reasoning is employed, utilizing a set of fuzzy rules established by human
expertise, which can be manipulated to generate the appropriate commands or decisions. Thus, the elements
constituting the basic theory of fuzzy logic are [16]:

8.

Linguistic variables and fuzzy sets.
Membership functions.
Operators.

Fuzzy inferences.
DIFFERENT FORMS OF MEMBERSHIP FUNCTIONS

For membership functions, the most common shapes are trapezoidal or triangular. These are the simplest shapes,
consisting of pieces of straight lines. The shape is completely defined by 3 points a, b, and c for the triangular
shape, or 4 points a, b, c, and d for the trapezoidal one (9).

In most cases, these two shapes are sufficient to delimit fuzzy sets, especially for fuzzy logic control. However,
there are other possible shapes, such as the bell shape (Gaussian) and the increasing or decreasing monotone. The
rectangular shape is used to represent classical logic [16].
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]
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Fig.9: Usual forms of membership functions.

One of the following expressions defines the degree of membership associated with the triangular shape:

'_ﬂs:'.rf[a, ]
p-a

Ha = ﬁs:‘ xe[b, ] (12)
0 sixiselsewhere

Or:

u{.r:] = max (m:'ﬂ (E,ﬁ),ﬂ) (13)

One of the following expressions defines the degree of membership associated with the trapezoid shape:

2 st xela, b]
p—-a

1 si xelb.el

Ha= _ (14)
us:' xele, d]
d—c
0 si x iselsewhere
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Or:
ulx) = max (m:'ﬂ (E E) , [I) (15)

?
b-a d-¢

It is then possible to associate with linguistic variables coefficients of membership of fuzzy subsets taking values
in the interval [0, 1] and quantifying the uncertainty about the variable.

A certain event for the variable will result in a coefficient of membership of the fuzzy subset equal to "1", while
the value will be less than "1" in the presence of uncertainty. Consequently, a membership coefficient of zero
value signifies complete rejection of the possibility of membership in the selected subset of the variable
representing the quantity in question

The universe of discourse of a variable x, denoted by x, representing its domain of variation, can be partitioned
into several subsets using membership functions (Ai).

For each value of the variable under consideration, degrees of membership of each fuzzy subset are specified. It's
important to note that the membership functions exhibit overlap, which is entirely logical. Indeed, the transition
from the fuzzy variable characterized by the membership function A2 to the fuzzy variable characterized by A3 is
not abrupt but gradual. This property is of great interest for ensuring the stability of fuzzy logic-based control
systems.

9. PRESENTATION OF A FUZZY LOGIC CONTROLLER

The central concept of fuzzy logic control revolves around linguistic control rules. These rules can assume various
forms but consistently specify the appropriate control action to undertake in response to a given condition. These
command actions may include directives such as "increase the current" or "decrease the voltage significantly",
while the conditions might be expressed as "if the voltage error is large enough" or "if the current error is very
small". The key words here, such as "big enough", "a lot" and "very small", denote imprecise yet useful
information, represented in fuzzy logic theory by fuzzy subsets within a specific universe of discourse. A control
rule typically comprises a combination of a condition and an action. Constructing a fuzzy logic controller
necessitates multiple rules, which collectively form an algorithm. The general structure of a fuzzy control rule is
outlined below.

10. BASIC ELEMENTS OF A FUZZY CONTROLLER

The general diagram of a fuzzy controller is shown in Figure (10):

Knowledge Base

Database Rule Base

Real variables Fuzzifications — Inference block —» Defuzzification Real variables

Qutput Input

Pracess

Fig.10: General block diagram of a fuzzy controller.

We begin by partitioning the various discourse universes imposed by the system into fuzzy subsets. Subsequently,
we establish the rule base that will characterize the desired operation of the fuzzy variable. This step is known as
fuzzification. The variables are then used in an inference mechanism, which generates and determines the fuzzy
output variables through operations on membership functions.
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11. MAXIMUM AND AVERAGE MAXIMUM METHOD
This method is notably simpler. The output value is chosen as the abscissa of the maximum value of the
membership function. The principle of this approach lies in the choice of the abscissa associated with the
maximum value of the resulting membership function. However, this method has a disadvantage. If the abscissa
of the maximum value is confined between two values x; and x,, any value within this range can be selected.
Consequently, this method is not recommended for fuzzy logic control. This method generates a precise order by
calculating the average of the values for which the membership is maximum. Its relation is given by:

_ Eima¥x
y = =k=dk (16)

m

Where m is the number of quantified values y, for which the membership is maximal, [17].

12. MAMDANI CONTROLLER
In the following, we will consider the main type of fuzzy controller, the Mamdani type. This type of controller has
been presented in a fuzzy application [18] and has the following general form for Nx inputs:

Ryiif xy est Ay, and et xp; 05 Ay, then v est B,

A block diagram of this type of controller is shown in Figure (11).
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Fig.11: Mamdani controller

In fuzzy control systems, the input variables typically include the error (e), representing the difference between
the variable to be controlled and its reference, and its rate of change (Ae). The "min" operator is utilized for the
"and" operation and the "then" implication, while the "max" operator is employed for aggregating "or" rules. This
inference mechanism is known as "min-max" type inference.

13. STRUCTURE OF THE FUZZY LOGIC CONTROLLER
The structure of the Fuzzy Logic Controller (FLC) proposed by Mamdani for a simple system with a single input
and a single output is shown in Figure (12), which represents its internal structure.

Fuzzy Controller
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Fig.12: Mamdani's proposed fuzzy controller internal structure.
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The two input quantities are discretized with a sampling period of T, and normalized using normalization gains
(G for error and Gy, for error variation). They are defined by the following expressions:

e The control error of the controlled variable is defined by the deviation:
e(k) = x*(k) — x(k) (17)

e The incremental variation of the adjustment error is defined by:

Ae(k) = elk) —e(k — 1) (18)

The output of the fuzzy controller corresponds to the alteration in the output quantity. The updated value, adjusted
at each sampling time, is defined by the following recurrent equation.

ulk) = ulk — 1) + G4, (k) (19)

Where G, represents a denormalization gain for the output variable. These three gains enable global action on the
control surface by either expanding or contracting the universe of discourse of the control variable.

14. MAIN CHARACTERISTICS OF THE FUZZY CONTROLLER
The main characteristics of the fuzzy controller used in this paper are as follows:

e Fuzzification with a continuous discourse universe [-1,1].
e Implication uses Mamdani's min-max inference.

e Seven fuzzy sets for the error and its variation defined by triangular membership functions.

Where: a=0.25, b=0.5, ¢=0.75; x € [-1, 1]: takes either ef or Aef

(e) ou p(Ae)
A
NG NM NP EZ FP PM PG

e ouAe
.‘ .‘ _
>

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
Fig.13: Distribution of selected membership functions.

Tab.2: Table of fuzzy rules.
e

NG | NM | NP EZ PP | PM | PG
NG | NG | NG | NG | NG | NM | NP | EZ
NM | NG | NM | NM | NM | NP | EZ | PP
NP | NG | NM | NP | NP EZ PP | PP
Ae EZ | NM | NM | NP EZ PP | PM | PM
PP NP | NP | EZ PP PP | PM | PM
PM | NP EZ PP | PM | PM | PM | PG
PG EZ PP | PM | PG | PG | PG | PG
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Table (2) shows the fuzzy rules used to design this controller.

The number of parameters to be set here is very large (7x7=49 parameters). Therefore, the controller is set in
relation to the degrees of freedom associated with the membership functions of the input variables and the output
variable, which have a global influence. This approach effectively restricts the number of variables in the
controller.

The block diagram of the fuzzy control structure of a STATCOM is shown in Figure (14).

Vo 4 =G Vv, it = Vg v,
> -{]7(‘ — = » o) » FLC » >
¥ cad dyg

abc

_| dq|

chlax Estimation
e

de 0 i
—_— . N
abc ]/” ) afd

- Sl ] — FLC—F s

Fig.14: Controlling DC using fuzzy logic controller (FLC)

15. MODELLING THE NPC THREE-LEVEL INVERTER

Figure (15) illustrates the general structure of the three-level floating diode inverter, also known as the Neutral
Point Clamped (NPC) inverter. This structure comprises two identical capacitors with a common midpoint
denoted as "o", enabling the inverter to access an additional voltage level compared to the conventional two-level
inverter [19].

Under normal operating conditions, the total voltage of the DC bus Vdc is evenly distributed across the two
capacitors, resulting in a voltage of Vdc/2 at their terminals (this assumption is used in this section). The output is
connected to a symmetrical three-phase star-connected load with an isolated neutral. The inverter consists of three
arms: a, b, and c. Each arm comprises four fully controllable switches (Kx1, Kx2, Kx3, and Kx4, where x
represents the arm index) connected in series, antiparallel with four main diodes to ensure the reversibility of
currents in the load, along with two clamp diodes (Dx1 and Dx2) connected to the center of the DC bus.

l 2 R

b5 HCE g HCE 2B R

a L. -

’-\-2" D.E ﬂ""l'} D, zg‘qi“:} D%k l‘—“:}

. YK S

Fig.15: Power structure of the NPC three-phase three-level inverter.
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16. DIFFERENT ELECTRICAL CONFIGURATIONS OF A THREE-LEVEL INVERTER ARM

Pl A

g &

[
o

4
. L =< 7
le: ==
™ 7
e o
Configuration E3 Configuration E4

Fig.16: Various possible electrical configurations of a three-level inverter.

17. CONVENTIONAL PWM WITHOUT INJECTION OF THE THREE HARMONIC ON TWO
UNIPOLAR CARRIERS
The control signals for one arm of the drive are determined by comparing two triangular carriers to a sinusoidal

reference. The two carriers are defined by the following equations:
zupmﬂ{% cpour 0=t < 2

U (20)

1= ) -
F zupmm(—;—n+ 1)ipour 2Lt T,
And:
Up: = Upl - U‘p max (21)

The algorithm used to implement this modulation technique is as follows:

if (Vegpe = Up) & (Vg = UpgJthen S =1

else 51y =0 22)

With: S'l-C :§k1

18. SIMULATION RESULTS
The network consists of a 400 KV generator with a rated power of 3000 MV A, connected to the infinite network
through the T-transformer and a 500 km transmission line modulated in & per 100 km.

The Tsh transformer is used to reduce the mains voltage (400 kV) to 34 kV (input voltage of the STATCOM
shunt converter).

19. SIMULATION OF THE ELECTRICAL NETWORK WITHOUT COMPENSATION
In this section, we will present the behavior of the electrical network without a compensation system for different
operating points, in relation to different values of transmitted active and reactive power:
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at t = 0s: a load of (30MW, 30MVRA) is applied,

at t = 0.5s: the load is increased to (70MW, SOMVAR),

at t =1.5s: the load is further increased to (95SMW, 65MV AR),
at t =2s: the load is reduced to (65MW, 30MVAR),

at t = 2.5s: the load is reduced to (25MW, 15SMVAR).

The aim of this section is to show the need for a compensation device.

To do this, we will show the results of simulations and in particular:

Active and reactive power transmitted by the line.

Line Currents and Voltages.

=107

The Active Power Pligne (W)
[¢)]

. . . . |
] 0.5 1 1.5 2 2.5
Time (s)

Fig.17: Active line power without compensation.
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Fig.18: Reactive line power without compensation.

Figure (18) illustrates the variations in reactive power transmitted by the line, leading to in a non-uniform power
factor. Consequently, this results in voltage drops and reduces the transmission capacity of the lines.
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Fig.19: Phase shift between voltage and current source.

Figure (19) displays the phase shift between the source voltage and current. It is apparent that the source voltage
is not in quadrature with the current, indicating variations in both active and reactive powers transmitted through
the power line.

Power Factor
. L

0.5

0.5 1 1.5 2 2.5 3
Time (s)

Fig.20: Power factor evolution.

20. SIMULATION OF THE ELECTRICAL NETWORK WITH COMPENSATION
This section highlights the significance of STATCOM in voltage control and reactive power compensation on
power lines.

21. CHARACTERISTICS OF THE THREE-LEVEL INVERTER

The control signals for an inverter arm using a conventional PWM without injection of the third harmonic with
two triangular unipolar carriers are determined by comparing two triangular carriers and a sinusoidal reference, as
depicted in Figure (21).
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Fig.21: Principle of PWM control with two unipolar carriers.
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Fig.22: Compound voltage V,, for r = 0.85 and m= 40
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Fig.23: Harmonic spectrum of V.

Figures (22) and (23) depict the composite voltage at the output of the STATCOM inverter. The four levels (E,
E/2, -E/2, E) of the composite voltage can be seen, as well as the harmonic spectrum with a harmonic distortion
rate of 71.22% for a regulation coefficient (r = 0.8) and a frequency modulation index (m = 40). It should be noted
that for a conventional two-level inverter, the THD% is around double, which is an advantage of the chosen
structure.

22. INFLUENCE OF SWITCHING FREQUENCY ON PHASE CURRENT
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Fig.24: la current for Fp = 1000Hz.
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Fig.25: Ia current for F, = 4000Hz

Figures (24) and (25) show the STATTCOM output current for two carrier frequencies 1 kHz and 4 kHz. It can be
seen that as the frequency increases, the current ripple decreases and approaches a sinusoidal waveform.
However, this frequency is constrained by both the specific application requirements and the technological

limitations of the power switches in use.

23. RATE OF HARMONIC DISTORTION

Total Harmonic Distortion (THD) is a measure used to assess the deviation of a signal from a pure sinusoidal
waveform.
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Fig.26: Phase voltage harmonic distortion rate.

Increasing the modulation index results in higher-frequency harmonics. However, as depicted in Figure (26), this
increase does not affect the rate of harmonic distortion. Instead, the distortion rate decreases proportionally with
the increase in modulation ratio.
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Fig.27: Setting characteristic for m=40.

From Figure (27) it can be seen that the modulation rate allows a linear adjustment of the fundamental amplitude
in the range r € [0, 1].

The use of three-level inverters for the application of STATCOM seems to be a rather interesting solution
according to the following features.

o Increasing the modulation ratio (r = 0...1.2) reduces the THD.

o Increasing the modulation ratio r increases the number of harmonics in a family and at the same time reduces
their amplitude.
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The variation of the amplitude of the fundamental harmonic does not depend on the variation of the modulation
index m.

24. CHARACTERISTICS OF THE SOURCE
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Fig.28: Source powers.

The complete compensation of reactive power in the lines demonstrates the efficiency of STATCOM.
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Fig.29: Phase shift between voltage and current source.
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Fig.30: Power factor of the source.

Figure (29) illustrates that following compensation, the source voltage and current align in phase, indicating that
the source operates with a unity power factor, Figure (30).
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Fig.31: Simple source voltage.
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Fig.32: RMS composite value of the source.
Figures (31) and (32) show how STATCOM maintains voltage.
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25. THE CHARACTERISTICS OF STATCOM

Active and Reactive power
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Fig.33: Power injected by STATCOM.

Figure (34) depicts that the STATCOM consumes minimal active power, which is justified by the losses in the
inverter, filter and transformer. On the other hand, the STATCOM injects the required reactive power into the
electrical system according to the reactive power variations of the loads.
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Fig.34: Active and reactive power injected by STATCOM.

Figure (34) illustrates a very good representation of the STATCOM performance:

e No start up oscillation.

e Low ripple.

e Very good noise rejection (load variation).
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Fig.35: Voltage Vdc and Vdc-ref with PI regulator
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Fig.36: Voltage Vdc and Vdc-ref with FLC

As illustrated in Figure (36), it is evident that the voltage regulation block consistently demonstrates its
effectiveness in maintaining a constant voltage across the global DC bus. The voltage undergoes a transient phase
lasting less than 0.12 seconds as the load varies, before promptly returning to its reference value with zero static

€rror.
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Fig.37: Voltage across the two capacitors with PI regulators
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Fig.38: Voltage across the two capacitors with a fuzzy P

Figure (38) illustrates the stability and balance of the voltages across of the two DC bus capacitors.

Table (3), provides a comparative analysis between the PI and the fuzzy PI control strategies.

Tab.3: PI and FLC performances for Vdc control

Vdc PI Fuzzy PI
1** Overrun (%) 5.15 4.64
2" Overrun (%) | 1.91 0
3" Overrun (%) | 0.65 0
Ripple rate(%) 0.132 0.073
Response time(s) 0.2 0.122
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Fig.39: Active current and its reference injected by the STATCOM with PI regulators.
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Fig.40: Active current and its reference injected by the STATCOM with FLC
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Fig.41: Reactive current and its reference injected by the STATCOM with PL

Figures (42), (40) and (38) demonstrate the efficacy of the fuzzy controllers used, showcasing that the reactive
current, active current and DC voltage follow their references with low overshoot and zero steady-state static
error.

We are particularly interested in the reactive current (Igsh) as it enables direct control of the injected reactive
power.

With Fuzzy Pl
3000 T
Ishg-ref

2000 Ishq N
— 1000 [
<
o
2 of
o
=
@
> -1000 [
f=
@
& 2000
]
$ -3000
5
© 4000 |

-5000 -

6000 . . . . |

0 0.5 1 1.5 2 2.5 3
Time (s)

Fig.42: Reactive current and its reference injected by the STATCOM with FLC.
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Table (4) presents a comparative study between PI and FLC control I, current.

Tab.4: PI and fuzzy PI performance for I

PI FLC
1** Overrun (%) 1.20 1.01
2" Overrun (%) 2.48 0
3" Overrun (%) 2.05 0
Ripple rate(%) 2.64 0.71
Response time(s) 0.064 0.019

26. TRANSIENT REGIME WHEN STATCOM IS CONNECTED TO THE NETWORK
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Fig.44: Current and Voltage Source in transient mode

Figure (43) depicts the evolution of the source voltage and current before and after compensation. It demonstrates
that the power factor reaches unity (source current and voltage in phase) after four network periods, indicating the
effectiveness of the chosen regulators.

27.CONCLUSION
Based on the simulation results obtained, we can conclude that the performance of the fuzzy logic controlled
STATCOM is highly satisfactory in both steady state and transient conditions. This indicates that the fuzzy
controller outperforms the conventional PI controller, especially in the transient regime. Notably, the fuzzy
controller exhibits very rapid dynamic control in response to sudden load change and effectively functions as a
disturbance damper.
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