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Abstract— Nowadays, one of the biggest challenges for Electric 
Power Systems Operators and Clients are voltage unbalances felt 
throughout the network. Within this theme, voltage sags are one 
of the most damaging disturbances of Electric Power Quality. It is 
one of the main factors causing interruptions in continuous 
production processes, at an industrial level, stopping production 
processes and causing disastrous financial consequences. 
    The main objective of this dissertation will be to develop, size 
and test a System based on electronic power with the ability to 
maintain the stability of the network voltage during the 
occurrence of a voltage sag caused by the starting of an industrial 
asynchronous machine. Considered the heart of modern industries 
and the most used electrical equipment in industrial plants, they 
represent about 60% of the electric energy generated. 
    A parallel connected electronic device of the FACTS family, the 
STATCOM, is proposed. Consisting of a DC Capacitor, a Three-
Phase Inverter and a Control System, it regulates the voltage at 
the Point of Common Coupling (PCC) through the generation or 
absorption of reactive power, controlling the reactive power flow 
of the System.  
    The proposed System consists of a 15 kV MV network, 
connecting to the LV industrial plant through a distribution 
transformer. Using Simulink software, several scenarios and tests 
are simulated. The obtained results show that reactive power flow 
is, effectively, controlled, allowing the maintenance of the voltage 
profile in the PCC. 
 
    Index Terms: Electric Power Systems, Voltage Sags, Electric 
Power Quality, Flexible Alternating Current Transmission Systems 
(FACTS, Static Synchronous Compensator (STATCOM), Point of 
Common Coupling (PCC). 

I. INTRODUCTION 
In the current electricity sector, where we increasingly have 

interconnected and decentralized networks for energy 
production, Electric Power Quality plays a key role. The supply 
voltage waveform must meet certain requirements to prevent 
possible disturbances at a Consumer level [1]. 

Reliable electrical power supply is vital for any type of 
electrical equipment to function properly. In an ideal scenario, it 
is expected that the voltage supply to a certain equipment will 
remain constant and perfectly sinusoidal in any type of 
circumstances. However, due to factors such as rapid population 
growth, industrial development, increasing electric generation 
sources and unpredictability of electrical networks, Electric 
Power Systems are increasingly overloaded and far from ideal, 
with time-varying voltage supply and, occasionally, interrupted. 
Usually they have extremely large dimensions, covering several 

cities or, in some cases, countries, having millions of consumers 
simultaneously. All these items make them fallible to certain 
unpredictable events and, in some cases, extremely hard to 
control [2]. 

Unbalances in the voltage profile along the power grid are one 
of the biggest challenges for system operators. There are two 
central themes regarding disturbances in Electric Power Systems 
(ESS): interruptions and voltage sags, the latter being addressed 
throughout this paper. Defined as a sudden decrease of the 
voltage at the point of connection of the customer to the network 
to a value between 5% and 90% of the rated voltage for a short 
period of time, voltage sags generally last between 10 ms and 1 
minute. After that, the voltage returns to values close to the rated 
voltage. 

They affect many areas of activity, being one of the main 
factors causing interruptions in continuous production 
processes, at an industrial level. Nowadays, modern industrial 
equipment uses a large number of electronic components very 
sensitive to voltage disturbances, leading to further concerns 
about voltage sag mitigating methods [3].  

Within an installation, industrial equipment is very 
interconnected and may be particularly susceptible to voltage 
sag related problems. Malfunctioning of any of the electric 
components can cause the entire system to shut down, stopping 
all production processes. Examples of these industries include 
plastics, petrochemicals, textiles, paper, semiconductors and 
rubber. Several important loads can also be affected, like motors, 
heating elements, or any other three phase loads connected in L 
[4]. 

This dissertation approaches voltage sags caused by the start-
up of an asynchronous machine in an industrial plant. Induction 
motors or asynchronous machines are the heart of modern 
industries, being the most used electrical equipment and 
consuming about 60% of the generated electrical energy. 

The consequences inherent to this type of disturbance in 
industrial customers are variable, depending on the amplitude 
and duration of the voltage sag. A number of scientific studies 
have shown that voltage sags due to the start-up of large 
asynchronous machines will affect the operation of an industrial 
plant, causing other adjacent loads to malfunction. When the 
voltage decreases due to the switching of the machine the current 
increases to levels well above its rated value, causing a 
considerable increase of temperature and overload in the 
machine’s stator, resulting in insulation problems. The starting 
current of the asynchronous machine is considered constant 
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throughout the starting process, being three to seven times 
higher than the rated current, depending on the use of assisted 
starting or not. In fact, if the current is not constant it will have 
a fairly high initial peak, (extremely high for motors with low 
power consumption) rapidly descending to the range of values 
previously mentioned, maintained during most of the process. 
After that, the current is gently reduced to its nominal value [5]. 

Statistically, the 2004 report on the quality of service prepared 
by EDP Distribuição shows that 85% of the voltage sags 
registered in MV buses had a duration equal to or less than 200 
ms, with a residual voltage equal to or higher than 80 % of the 
rated voltage [6]. Being mainly short-term disturbances, voltage 
sags cause financial losses of 86.5 billion euros per year in 
European Countries, representing 57% of annual financial costs 
due to poor Electric Power Quality conditions. 

According to a study conducted by Electric Power Research 
Institute (EPRI) and the CEIDS consortium for US industries in 
2000, the US economy was estimated to have suffered an annual 
loss from 119 to 188 billion dollars due to voltage sag related 
events, short-term interruptions and other Electric Power 
Quality problems. 

The main objective of this dissertation will be to propose and 
evaluate a power electronics based system that can guarantee the 
stability of the voltage profile in the network, mitigating the 
effect of an industrial voltage sag caused by starting of an 
asynchronous machine. Given that it is a voltage sag with a long 
duration and considerable depth, it is intended that the minimum 
permissible operating values of the different equipment of the 
industrial plant are met, so that there are no interruptions in 
production. 

In order to test this situation a MV/LV network was created, 
in Simulink environment, which feeds an industrial plant 
represented by the previously mentioned machine. Several tests 
are carried out under different operating conditions in order to 
evaluate the impact of the installation of the proposed device on 
the stabilization of the voltage profile in the Point of Common 
Coupling (PCC). 

The proposed solution is the STATCOM, a system belonging 
to the FACTS family. Designed to be installed on the LV of a 
transmission network, it is responsible for providing reactive 
power compensation and improving operating voltage limits 
with a faster response time compared to the traditional Static Var 
compensator (SVC). Connected in parallel, it has the ability to 
inject an inductive or capacitive output current independently of 
the AC system voltage, providing voltage control and support, 
reactive power control and increased power transfer capability. 
It continuously provides variable reactive power in response to 
voltage variations, aiding network stability. It operates 
according to the Voltage Source Converter (VSC) principles, 
combining a pulse width modulation (PWM) with millisecond 
switching. 

The paper is structured as follows: In the second chapter the 
concept of voltage sag is addressed, the power quality 
disturbance studied in this dissertation; In the third chapter the 
device proposed and developed in this dissertation is presented, 
the STATCOM: topology, operation, modulation of the three-
phase voltage inverter and design of all the components; The 

fourth chapter is dedicated to the complete description of the 
control process used in the STATCOM; In the fifth chapter the 
network model, the respective elements used in Simulink 
environment and the results obtained are addressed; The final 
chapter is dedicated to the conclusions of the study carried out 
and the future work perspectives on this subject. 

II. VOLTAGE SAGS 
Voltage sags fall within the category of short-time voltage 

variations. Each variation can be classified as instantaneous, 
momentary or temporary, depending on its duration.  

By doing a quantitative measurement about the occurrence 
of this type of phenomenon, an event map about the voltage 
amplitude of a given consumer obtained by EPRI, represented 
in Figure 1, is used. More than 90% of all recorded events had a 
duration less than 500 ms and a remaining voltage amplitude 
greater than 50% [7]. 

 
Figure 1 - Events Map [7] 

A. Voltage Sag Characterization 
In order to characterize the perturbation with the smallest 

possible number of parameters, to reduce the complexity and to 
guarantee reliability of results, the analysis of voltage sags 
translates into two basic characteristics: amplitude and duration. 

The voltage of a voltage sag is characterized by its 
amplitude or depth. It can be defined as the difference between 
the nominal or declared voltage value (reference voltage) and 
the RMS voltage value during the voltage sag [6].  

Voltage sag duration includes the reset time of the nominal 
or declared voltage value, and can be higher than the protections 
actuation time, depending on the protection systems used. The 
recovery can be immediate, linear or by steps. If the voltage sag 
occurs due to a short-circuit, for example, its duration will 
depend on certain factors: its origin, whether the fault has been 
completely eliminated or whether the protection systems on 
both sides of the line have operated at the same time. 

B. Origin 
They are mostly related to insulation faults in the T&D 

systems or customer facilities and are characterized by high 
amplitudes near the respective fault point. They can be critical 
to the operation of a particular industrial plant, being the most 
worrying for energy systems. Depending on the type of fault 
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(symmetrical or asymmetrical) voltage sags amplitudes can be 
equal in each phase or not, respectively [9]. 

They can also be associated with the start-up of high power 
machines and loads, with a considerably long duration and 
reduced amplitude. Throughout this paper, the focus will be on 
voltage sags originated in a consumer’s industrial plant. 

C. Consequences and Economic Impact 
As previously stated, voltage sags consequences are a major 

concern at maintaining Electric Power Quality, affecting 
induction motors, synchronous motors, electronic equipment, 
numerical control machines, electronic speed variators, 
contactors and lighting systems, among others.  

They occur in virtually every location in an Electric Power 
System and avoiding them is almost impossible. Reducing the 
number and severity of voltage sags felt by a consumer, beyond 
what is considered to be a good engineering practice, becomes 
extremely expensive. 

All types of electronic equipment are, to a certain extent, 
susceptible to voltage sags. Many of them are automatically 
affected if the voltage decreases up to 90% of its nominal value, 
even if the duration is only of one or two cycles, that is, less 
than 100 milliseconds. The time to restart production due to an 
unplanned stop may take minutes, hours or even days, with 
costs varying according to the stopping time. 

Voltage sags with a duration of a few cycles result in large 
economic losses, mainly caused by factors such as repair costs, 
poor product quality (affecting the brand name, industry and 
even the country itself), customer dissatisfaction, losses related 
to the final product (affected production capacity, disposal costs 
and increased inventory requirements), manpower related 
losses (off-duty employees, overtime, cleaning and repair) and 
additional costs (damaged equipment, business opportunity 
costs and penalties due to delays in deliveries) [10]. 

III. PROPOSED SOLUTION: STATCOM 
Regarding its composition, STATCOM is usually constituted 

by four basic elements: coupling transformer, inverter, control 
system and DC capacitor, as can be seen in Figure 2. 

 
Figure 2 - STATCOM's simplified scheme 

The transformer, if it exists, makes it possible to connect the 
device to the grid, since it can operate at different voltage levels; 
the inverter, together with the control system and the DC 
capacitor constitute the so-called Voltage Source Converter 
(VSC). Consisting of a set of fully controlled semiconductors 
(GTO or IGBT for example, the second one being used in this 

paper), the inverter generates an alternating voltage wave from 
the voltage at the terminals of the capacitor [11]. 

Provides voltage support through the generation or 
absorption of reactive power in the PCC, through a controllable 
three-phase output voltage. By changing this same voltage, 
reactive power exchange between the inverter and the AC 
system can be controlled. Assuming that the voltage of the 
Electrical System is constant, if the STATCOM voltage is 
decreased to values below the Electrical System voltage at the 
PCC, a lagging current will be produced, absorbing reactive 
power (inductive mode). If the STATCOM voltage is increased 
to be greater than the Electrical System voltage at the PCC, a 
leading current will be produced, providing reactive power 
(capacitive mode) [12]. By varying inductive or capacitive 
current injection, it is possible to regulate the voltage profile in 
the network [11]. 

Compared to SVC and other conventional reactive power 
compensators, STATCOM has many advantages. Among them, 
it has a dynamic performance considerably superior to the other 
compensators. The adaptability, flexibility and controllability 
make this technology valid to replace devices from previous 
generations. The implementation of this device has notable 
characteristics and allows the voltage profile along the line to 
be maintained, compensation through reactive power and fast 
recoveries in the event of a voltage sag [12]. 

A. Three-Phase Voltage Inverter 
Three-phase Voltage Source Inverters are used in medium 

and high power applications. Within its functionalities, the 
main objective is to provide a three-phase alternating source 
from a continuous source, where variables such as amplitude, 
phase and frequency could be controllable. 

The topology of a three-phase voltage inverter is shown in 
Figure 3. Although most applications require sinusoidal voltage 
waves (speed variators, UPSs and FACTS, among others), 
others require arbitrary voltages, as is the case of active filters. 
Due to the fact that they are made up of switches, the output 
waves of an inverter are composed by discrete values, requiring 
the inclusion of a filter between the inverter and the load [7]. 

 
Figure 3 - Three-Phase Voltage Inverter 

Regarding the semiconductors to be used in this 
dissertation, it fell on the IGBT’s. They are generally used for 
conversion since this type of semiconductor is suitable for 
power electronic systems with high voltages and powers, where 
the control system is extremely fast and requires a high 
switching frequency. 
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Three-phase inverters consist of three arms. Due to 
topological constraints related to the need to prevent short-
circuits on the continuous side, the two groups of 
semiconductor devices of the same power arm must be in 
complementary states. With that said, the states of the power 
semiconductor devices of the same arm 𝑘	(𝑘 = 𝐴, 𝐵, 𝐶) can be 
represented by a 𝛾+ function. 

 

𝛾+ = ,
1 →	𝑆0+	𝑂𝑛	𝑎𝑛𝑑	𝑆5+	𝑂𝑓𝑓	
0 → 	𝑆0+	𝑂𝑓𝑓	𝑒	𝑆5+	𝑂𝑛

(1) 

 
Voltages in each arm, 𝑣+	(𝑘 = 𝐴, 𝐵, 𝐶), can be expressed as 

a function of 𝛾+:  
𝑣+ = 𝛾+𝑈 (2) 

	
Being 𝑉+= the phase-to-neutral voltages at the output of 

the converter, the phase-to-phase voltages are defined by: 
 

𝑣>? = 𝑣> − 𝑣? = (𝛾> − 𝛾?)𝑈 = 𝑉>= − 𝑉?= 
𝑣?A = 𝑣? − 𝑣A = (𝛾? − 𝛾A)𝑈 = 𝑉?= − 𝑉A= (3) 
𝑣A> = 𝑣A − 𝑣> = (𝛾A − 𝛾>)𝑈 = 𝑉A= − 𝑉>=	

	
Through some algebraic manipulations, we obtain the 

already known expressions of phase-to-neutral voltages: 
 

𝑉>= =
(2𝛾> − 𝛾? − 𝛾A)𝑈

3 	

𝑉?= =
(2𝛾? − 𝛾> − 𝛾A)𝑈

3
(4)	

𝑉A= =
(2𝛾> − 𝛾? − 𝛾A)𝑈

3 	
 
Taking into account the 𝛾D  function values, the output 

voltages of the converter may assume eight states (2E) out of 
all the existing 2F combinations. 

All the possible states can be represented by voltage vectors, 
with components 𝑉> , 𝑉?  e 𝑉A  in na ABC reference frame at 
120º, or by vectors in  𝑉G  e 𝑉H  coordinates, in an orthogonal 
reference frame 𝛼𝛽 [13]. 

From the analysis of Figure 3 it is possible to obtain the 
dynamic equations of the STATCOM injected currents in the 
PCC, where 𝑣KLL+	(𝑘 = 𝑎, 𝑏, 𝑐) represents the network voltages 
in the PCC and 𝑣O+ the switched voltages in each phase. 

 

⎩
⎪
⎨

⎪
⎧
𝑑𝑖U
𝑑𝑡 = −

𝑅
𝐿 𝑖U +

1
𝐿 𝑣OU −

1
𝐿 𝑣ZAAU

𝑑𝑖[
𝑑𝑡 = −

𝑅
𝐿 𝑖[ +

1
𝐿 𝑣O[ −

1
𝐿 𝑣ZAA[

𝑑𝑖L
𝑑𝑡 = −

𝑅
𝐿 𝑖L +

1
𝐿 𝑣OL −

1
𝐿 𝑣ZAAL

(5) 

 
By applying the Concordia and Park transformations, the 

final dq expressions are obtained, which are going to be used in 
the STATCOM’s control system: 

 

]

𝑑𝑖^
𝑑𝑡 = −

𝑅
𝐿 𝑖^ + 𝜔𝑖` +

1
𝐿 𝑣O^ −

1
𝐿 𝑣ZAA^

𝑑𝑖`
𝑑𝑡 = −

𝑅
𝐿 𝑖` − 𝜔𝑖^ +

1
𝐿 𝑣O` −

1
𝐿 𝑣ZAA`

(6) 

 
In order to guarantee the decoupling of d and q currents, the 

auxiliary variables 𝐻c^ e 𝐻c` are defined: 
 

,
𝐻c^ = 𝜔𝐿𝑖` + 𝑣O^ − 𝑣ZAA^
𝐻c` = −𝜔𝐿𝑖^ + 𝑣O` − 𝑣ZAA`

(7) 

 
To obtain alternating voltages with lower harmonic content 

in three-phase converters, pulse width modulation (PWM) is 
applied. Three sinusoidal modulating cos(𝜔𝑡) are used, with a 
phase shift of 120º between each other and fundamental 
frequency of 𝜔 = 2𝜋𝑓, where 𝑓 = 50	𝐻𝑧, whose amplitude is 
defined by the modulation index 𝑚c(𝑚c ∈ [0,1]) . This 
sinusoidal wave modulates the triangular carrier r(t) whose 
frequency must be an odd multiple of three times the 
modulating frequency, ie it must have a pulsation index 𝑝 =
3(2𝑛 − 1), (	𝑛 ∈ 𝑁) to ensure half-wave and quarter of wave 
symmetry, minimizing the harmonic content. 

The SPWM modulator generates the 𝛾+  variable that 
commands the k arm of the inverter (the phase B and C 
commands are obtained by delaying the phase A signals by 1/3 
and 2/3 of the fundamental period, respectively). 

𝛾+ = ,
1			, 𝑖𝑓	𝑚c sin(𝜔𝑡) > 𝑟(𝑡)	
0			, 𝑖𝑓	𝑚c sin(𝜔𝑡) < 𝑟(𝑡)	 (8) 

B. Sizing 
In this section the sizing of the grid connection filtering 

components and the DC capacitor are presented, carried out for 
the simulations made in the fifth chapter. 

 
Figure 4 - Simplified scheme of the sized System 

The sizing of the filtering inductance, 𝐿, will depend on the 
input voltage 𝑈vA, the inverter switching frequency, 𝑓L, and the 
current ripple, ∆𝐼y. It will be sized according to the following 
expression [14]: 

𝐿 =
𝑈vA
6∆𝐼y𝑓L

(9) 

This sizing is done with the aim of limiting the current ripple 
∆𝐼y , which should not exceed 5% of the current that the 
STATCOM can inject in the grid [15]. 

Regarding the sizing of the losses, it was assumed that the 
losses in a resistance are approximately 0.3% of the output 
power of the STATCOM, 𝑃O. Thus, they are sized based on the 
following analysis: 
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𝑃|} = 0.003𝑃O = 𝑅�𝐼|}
5 (10) 

𝑅� =
0.003𝑃O
𝐼|}
5  

The triangle-connected filtering capacitors were sized from 
(11), where 𝑇y is the switching period and ∆𝑈KLL is the voltage 
ripple at the PCC. 

⎩
⎪
⎨

⎪
⎧𝐶� =

𝑈vA𝑇5

24𝐿∆𝑈KLL

𝐶∆ =
𝐶�
3

(11) 

When sizing the DC capacitor, one of the most important 
details to take into account for the correct operation of the 
STATCOM is the existence of a relation between the DC and 
the AC voltage. In addition, the capacitor should have the 
ability to provide power for a certain period of time without 
discharging below a determined value that can compromise the 
normal operation of the converter. 

Using (12), it is possible to obtain the DC capacitor value 
[14], where 𝑃c� is the input power of the STATCOM. 

 

𝐶 =
2𝑃c�∆𝑡
∆𝑈vA5

=
2𝑃c�∆𝑡

∆𝑈vA�U�5 − ∆𝑈vA�c�5 (12) 

IV. CONTROL SCHEME 
This section provides an overview of the control system 

used in the STATCOM. All the controllers used in this 
dissertation will be sized in detail. First, the AC side current 
controllers will be sized, at the inverter output. Subsequently, 
the DC side voltage controller at the capacitor terminals and the 
AC side voltage controller at the inverter output will be 
presented. The Control System’s complete scheme is shown in 
Figure 8. 

A. Active and Reactive Power 
One of the main objectives of the STATCOM’s control 

system, presented in the following topic, consists on controlling 
the reactive power of the converter in the PCC. Applying the 
Concordia and Park transformations, the voltage and current 
components along the d axis will control the active power 
delivered at the PCC, while the voltage and current components 
along the q axis will control the reactive power. 

Initially, in abc coordinates, three-phase active and reactive 
power are obtained from the following expressions: 

 

,𝑃 = 3|𝑉||𝐼| 𝑐𝑜𝑠 𝜑
𝑄 = 3|𝑉||𝐼| 𝑠𝑖𝑛 𝜑 (13) 

 
Using the transformations mentioned before, the active and 

reactive power in dq coordinates are obtained. 
 

,
𝑃 = 𝑉 𝐼
𝑄 = −𝑉 𝐼 (14) 

B. AC Current Control 
Current control in a stationary reference frame is typically 

implemented analogically. Current control in a rotating 

reference frame is the most suitable to be done through a digital 
implementation [16], being the technique used in this 
dissertation. The main purpose of this type of control is the fact 
that this type of controllers, consisting of proportional-integral 
(PI) compensators, process continuous signals. The outputs of 
the current controller will be the input voltages of the SPWM 
modulator, responsible for the generation of the six trigger 
signals of the inverter’s semiconductors [17].  

It is assumed that that the current control system is 
implemented taking into account that the inverter operates at a 
fixed frequency and with the currents controlled in the dq 
reference frame. 

Regarding the controller’s choice, it’s very important to use 
one that’s efficient and simple to implement. The best solution 
is the Proportional-Integral controller, as mentioned before, as 
it is suitable for systems with frequent load changes [16]. 

In this section the PI controllers of the current internal 
control will be sized. In order for that to happen, it becomes 
necessary to obtain and analyze the closed loop transfer 
function, from which 𝐾K e 𝐾c gains are calculated. 

From (6) and (7), the linearized and decoupled equations are 
obtained: 

]

𝑑𝑖^
𝑑𝑡 = −

𝑅
𝐿 𝑖^ +

𝐻c^
𝐿

𝑑𝑖`
𝑑𝑡 = −

𝑅
𝐿 𝑖` +

𝐻c`
𝐿

(15) 

Linearized and decoupled equations allow the STATCOM 
to be represented by a first order transfer function, 𝐺��>�(𝑠), 
with a unitary gain and a delay 𝑇 c. The average delay of the 
system’s response, 𝑇 c, depends on the switching frequency of 
the semiconductors. 

𝐺��>�(𝑠) =
1

𝑠𝑇 c + 1
(16) 

 
Considering all the transfer functions (PI controller, 

STATCOM and the filter in the connection to the grid), the 
block diagram of the AC current controller is obtained, 
represented in Figure 5, where 𝛼c represents the current sensor 
gain. 

 

 
Figure 5 - Block Diagram of the AC current controller 

By developing, simplifying and grouping terms, we obtain 
the closed loop transfer function in canonical form. Neglecting 
inductance’s series resistance, the final expression is given by 
(17) [18]. 

𝑖^`(𝑠)
𝑖^`���(𝑠)

=
𝑠𝐾Kc + 𝐾cc

𝑠E𝐿𝑇 c +
𝑠5
𝑇 c

+ 𝑠	
𝛼c𝐾Kc
𝐿𝑇 c

+ 𝛼c𝐾cc𝐿𝑇 c

(17) 
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Using the Symmetric Optimum Method [19], the controller 
gains 𝐾Kc and 𝐾cc can be obtained. The value of 	𝑇 c	 is defined 
as twice the switching period, 	𝑇y . The 𝑎c  constant has a 
recommended value between 2 and 4 [19] and the 𝛼c gain has 
unitary value [18]. 

𝐾Kc =
𝐿

𝛼c	𝑇 c	𝑎c
= 1.0237 (18) 

𝐾cc =
𝐿

𝛼c	𝑇 c	
5𝑎c5

= 1279.6 

C. DC Voltage Control 
The next step of the STATCOM’s control system is the 

continuous source voltage control, that is, the DC capacitor’s 
voltage 𝑈vA .Its purpose will be to change the current’s 
reference value, 𝐼 ���, of the internal control chain. It should 
have a slower response time than the current controller, to 
minimize conflicts during the simulation. The q axis component 
will be used to control the reactive power switched between the 
STATCOM and the PCC, while the d axis component will 
control the active power.  

Again, the compensator’s choice is quite important. The use 
of Proportional (P) and Proportional Derivative (PD) 
compensators do not guarantee zero static error and are not 
appropriate. In order to carry out the sizing of voltage control 
parameters, it is necessary to apply a Proportional Integral (PI) 
compensator, since it guarantees a null static error and is 
appropriate for this type of systems [13].  

Before the PI controller’s sizing, it is necessary to establish 
a relation between the DC capacitor’s voltage and the current 
passing through it. The dynamic equation of the STATCOM’s 
DC voltage is defined by (19), where 𝑈vA  and 𝑖vA  represent 
the capacitor’s voltage and current, respectively. 

𝑖vA = 𝐶
𝑑𝑈vA
𝑑𝑡

(19) 

To size de DC voltage controller, the current controlled 
three-phase inverter will be represented by a first order transfer 
function, with a gain 𝐺c = 𝑣ZAA^/𝑈vA  and a delay 𝑇 �0 . The 
DC voltage controller block diagram is shown in Figure 6, 
where 𝛼� represents the voltage sensor gain. 

 
Figure 6 - Block Diagram of the DC voltage controller 

To determine the parameters of the PI controller, a 
comparison is made between the denominator of the transfer 
function and a third order polynomial: 

𝑈vA(𝑠)
𝑈vA���(𝑠)

=

𝐺c
𝐶𝛼c𝑇 �0

�𝑠𝐾K�0 + 𝐾c�0�

𝑠E + 𝑠5 1
𝑇 �0

+ 𝑠
𝛼�𝐺c𝐾K�0
𝛼c𝐶𝑇 �0

+ 𝛼�𝐺c𝐾c�0𝛼c𝐶𝑇 �0

(20) 

 

⎩
⎪
⎨

⎪
⎧ 𝐾K�0 =

2.15𝛼c𝐶
1.755𝑇 �0𝛼�𝐺c

= 32.2018

𝐾c�0 =
𝛼c𝐶

1.75E𝑇 �0
5𝛼�𝐺c

= 855.8609
(21) 

D. AC Voltage Control 
The voltage reference value on the AC side will be 

compared to the real value of the d component of the AC 
voltage in the PCC, 𝑣ZAA^. The error will be the input of a PI 
controller, the output being the reference value of the reactive 
component of the current, 𝑖`��� . This same controller uses 
information from the q component of the voltage in the PCC to 
be able to determine the reactive compensation required to 
maintain a stable voltage profile [12].  

The small changes between the voltage in the PCC and the 
𝑖`  current injected in the grid can be characterized by a first 
order transfer function, with a gain 𝐾� and a delay 𝑇 �5. The 𝐾� 
gain can be estimated from expression (22), where 𝐿y  is the 
network’s equivalent series inductance in the PCC and 𝜔 is the 
grid frequency. 

𝐾� =
∆|𝑉 (𝑠)|
∆�𝐼 (𝑠)�

≈ 𝜔𝐿y (22) 

The block diagram of the voltage controller in the PCC is 
presented in Figure 7. By developing, simplifying and grouping 
terms, we obtain the closed loop transfer function in canonical 
form [18].  

 
Figure 7 - Block Diagram of the AC voltage controller 

𝑉ZAA^(𝑠)
𝑉ZAA^���(𝑠)

=

𝑠𝐾�𝐾K�5 + 𝐾�𝐾c�5
𝑇 �5

𝑠5 + 𝑠 �
1 + 𝛼�𝐾�𝐾K�5

𝑇 �5
� +

𝛼�𝐾�𝐾c�5
𝑇 �5

(23) 

To determine the PI controller’s parameters, a comparison 
is made between the transfer function represented in (23) with 
a second order transfer function written in its canonical form. 
Considering a damping factor 𝜉 = √5

5
, the values of 𝐾K�5 e 𝐾c�5 

are obtained:  

𝐾K�5 =
2𝜉𝜔�𝑇 �5 − 1

𝛼�𝐾�
= 8.0639𝑒 − 5 (24) 

 

𝐾c�5 =
𝑇 �5𝜔�5

𝛼�𝐾�
= 1951.4 

To guarantee the stability of the system it is assumed that 
𝐾K�5 ≥ 0, and to obtain a finite bandwidth we have 𝐾K�5 < 1, 
bounding the 𝜔� value [18]:  
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1
2𝜉𝑇 �5

< 𝜔� <
𝛼�𝐾� + 1
2𝜉𝑇 �5

(25) 

 
In this dissertation, and for simulation purposes, the 

minimum value for 𝜔� was considered, that is, when 𝐾K�5 = 0: 

𝜔� =
1

2𝜉𝑇 �5
	

V. SIMULATION 
In this chapter, a simulation model was developed, in 

Simulink environment, to simulate the effect of voltage sags in 
an industrial plant with LV operation and powered by a MV 
network. The above mentioned model is shown in Figure 8. 

 

 
Figure 8 - Complete System in Simulink Environment 

The system is powered by a 15 kV power supply, a typical 
value in Portugal, having a short-circuit power of 19 MVA. The 
MV to LV distribution transformer has 630 kVA.  

The device developed in this dissertation, a 470 kVA 
STATCOM, is responsible for the voltage compensation 
through reactive power injection. The load used is a 160 kV 
asynchronous machine (colored green in Figure 8), and its start 
up originates voltage sags during the simulation. 

With the developed model, tests were performed in normal 
operating situations (with a resistive load) and in anomalous 
operating situations (with the start up of an asynchronous 
machine, giving rise to a voltage sag) 

A. System under normal operating conditions, with 
STATCOM connection 
This test is characterized by the regular operation of the 

system, without any kind of disturbance, where a typical 
resistive load of 160 kW is used. In this test, since there are no 
disturbance in the system’s voltages, the STATCOM’s injected 
current will be quite low and the DC voltage will remain 
constant, as can be seen in Figure 9 and Figure 10. 

 
Figure 9 - STATCOM's Output Current 

 
Figure 10 - STATCOM's DC Voltage 

To prove what was said in the previous point, it is possible 
to observe that the values of all the errors of the four PI 
controllers are zero: 

- 𝑒c^: Error between the reference current 𝑖^��� and the 
measured current 𝑖^;   
- 𝑒c`: Error between the reference current 𝑖`��� and the 
measured current 𝑖`;   
- 𝑒�LL: Error between the reference voltage 𝑣^��� and 
the measured voltage 𝑣^;   
- 𝑒�^L: Error between the reference voltage 𝑉 L��� and 
the measured voltage 𝑉 L. 
 

 
 
 

 
Figure 11 - PI controllers’ errors 

B. System under voltage sag operating conditions, without 
STATCOM  connection 
In the second simulation a voltage sag is caused in the 

system on the consumer’s side, that is, on the industrial plant. 
For this to be achieved the resistive load is removed and an 
asynchronous machine is added. 

The machine is connected to the system via a breaker, with 
a switching time of 0.3 seconds, at which point the machine is 
switched on. In Figure 12 we can observe the asynchronous 
machine’s start up currents, reaching peak values in the order 
of 3000 A. 

This disturbance in the system is reflected in the voltage and 
will originate a voltage sag with an approximate depth of 21%, 
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as can be seen in. This disturbance will last for approximately 
660 ms. 

 
Figure 12 - Asynchronous Machine starting currents 

 
Figure 13 - Asynchronous Machine starting voltages 

Being of a considerable depth and intensity, its effect will 
also be propagated to the MV grid. Through Figure 14 analysis, 
it is noted that there’s a phase difference between the 
asynchronous machine’s voltage and current, being the first one 
in advance regarding the second one. Consequently, reactive 
power injection must be used to perform the voltage sag 
mitigation.

 
Figure 14 - Phase difference in the load 

C. System under voltage sag operating conditions, with 
STATCOM connection 
The last simulation is performed with exactly the same load 

used in the previous test, a 160 kW asynchronous machine, 
causing the voltage sag represented in Figure 13. This time, the 
proposed electronic device to perform the voltage sag 
mitigation is added to the system, being connected in the LV 
network. 

Given that the entire control process is made in dq 
coordinates, it makes complete sense that some of the results 
are presented in this same frame. In Figure 15 it is possible to 
observe the resizing of the 𝐼  current due to the new 𝐼 ��� value. 

The system’s prompt and fast response to the voltage sag is 
noticeable. The STATCOM’s injected current, in abc 
coordinates, is shown in Figure 16, where a small initial 
disturbance caused some additional noise in the simulation. 

 
Figure 15 - Current Iq resizing  

 
Figure 16 - STATCOM's output current 

In order to show the STATCOM’s operating mode in the 
presence of a voltage sag in the industrial plant, phase A of its 
output voltages and currents are shown in Figure 17. It is 
observed that, before the voltage sag, the current has values 
close to zero. At the voltage drop instant, the STATCOM 
initiates the current injection and its advance is visible 
compared with the voltage, proving the operation in capacitive 
mode and performing the voltage sag mitigation in the PCC. 

 
Figure 17 - Capacitive Mode Operation 

Figure 18 shows the power flux involved in the process. At 
the voltage sag moment, its occurrence is detected and, almost 
instantaneously, reactive power is injected so that the voltage 
remains at nominal values. Due to the existence of a DC voltage 
control, the DC voltage remains almost constant in 
compensation situations (Figure 19). 
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Figure 18 - Active and Reactive Power 

 
Figure 19 - STATCOM's DC Voltage 

After checking the device’s operation, it remains to be 
observed its practical effect on the system. Figures show the 
PCC’s voltages and currents, in abc coordinates. As can be 
seen, voltage compensation is notorious compared to the second 
simulation. 

With STATCOM’s implementation, the system always 
remains within the operating range for which any device is 
sized, that is, above 85% of its nominal voltage value. In this 
way, the production process in the industrial plant will never be 
interrupted. 

Since the voltage sag has a duration of approximately 660 
ms before the compensation, by using the STATCOM and after 
about 77 ms the system totally recovers and reaches its nominal 
value. 

 

 

 
As said in the previous simulation, the voltage sag 

propagated to the MV network. Through the STATCOM’s 
incorporation, the compensation is also ensured. 

VI. CONCLUSION AND FUTURE WORK 
The objective of this work was to propose and evaluate a 

system capable of guaranteeing the stability of the voltage 
profile in the network presented, mitigating the effect of a deep 
industrial voltage sag originated by the start up of an 
asynchronous machine. 

Through the completion of this dissertation, it is concluded 
that the objective is largely fulfilled, with an almost complete 
compensation of a considerable depth and duration voltage sag 
for this type of application. Despite the fact that it’s not a perfect 
compensation, the STATCOM allows the industrial plant under 
study to remain above the minimum voltage range (85% of the 
nominal voltage), making its production processes immune to 
this kind of disturbance. However, it was possible to test and 
verify that the system would present significant problems with 
the occurrence of more severe voltage sags than the one 
presented, jeopardizing the normal operation of the industrial 
plant. 

Future work that can be done includes: 
• Test of the system with the occurrence of 

unbalanced voltage sags, an equally critical and 
relevant phenomenon. 

• Laboratory application of the proposed system. 
• Implementation of different control techniques.  
• Use of dynamic industrial loads to evaluate the 

STATCOM’s behavior. 
• Testing the system using other FACTS devices, 

and comparing results. 
• Application of the sized device in large industrial 

networks, to evaluate its performance.  
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