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 Nowadays, the reactive power consumption is becoming a serious problem for electricity 

network management. To overcome this problem, several solutions are proposed in the 

literature. In the present study, the static reactive power compensator (STATCOM) 

solution is used to keep the network voltage within its rated range. The STATCOM is 

modeled in the axes of Park reference frame and is driven controlled by a SVPWM 

strategy. Its control scheme is based on a multivariable Linear Quadratic Gaussian 

(LQG/H2) controller, which has the advantage of being applied to systems whose 

condition is not measured. Simulations are performed using the MATLAB/SIMULINK 

software. Results are presented, compared and discussed.  
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1. INTRODUCTION 

 

In recent years, electric power quality has become a primary 

concern for both network operators and consumers due to the 

large-scale deployment of renewable energy technologies and 

increased utilization of power electronics and nonlinear loads. 

Power quality is assessed based on a number of criteria such 

as sinusoidal voltage waveform with rated amplitude and 

frequency.  

Changes in voltage amplitude and degradation of the power 

factor are the consequences of reactive energy consumption. 

The increased use of this energy causes transmission line 

disruptions. The voltage at each point in an ideal AC system 

must be constant and free of harmonics, with a power factor 

close to unity. These criteria, on the other hand, must be 

independent of the characteristics of the user load. Only if the 

loads are equipped with a reactive energy compensation 

system can this be assured. and it is imperative that this 

compensating device responds quickly to changing reactive 

power demands to keep the voltage within acceptable ranges 

throughout the distribution network. Various reactive power 

compensation technologies have been in operation over the 

past years especially that thyristors-based devices such as the 

TCR (Thyristor Controlled Reactor), TSC (Thyristor Switched 

Capacitor) and SVC (Static Var Compensator). 

The TCR is composed of an inductor connected with two 

thyristors connected in anti-parallel and each thyristor is 

controlled during a half period. Modifying the firing angle of 

thyristors results in a variation of the reactance control as a 

function of the load demand [1-3]. Because of the inductor, the 

current flowing through the TCR is strongly inductive. TSCs 

are in general, composed of dimmers each controlling a bank 

of capacitors. Because of the capacitor, the current will always 

be leading the voltage and therefore imposing a reactive power 

flow to the network [4]. 

The combination of TCR and TSC systems yields to SVC 

hybrid compensator. By adjusting the conduction period of the 

thyristors, the circuit becomes similar to variable source of 

reactive power [5-9]. Whereas, these devices are considered as 

a major source of undesirable harmonics [9]. 

Taking profit of progress in the power electronics field, self-

commutated devices such as IGBT, MOSFET, GTO, etc. have 

been adopted for the design of voltage source inverter (VSC)-

based static var compensator devices such as the STATCOM 

(Static synchronous compensator). The STATCOM is 

operated as a shunt-connected SVC and provides a flexible 

response to changing loads by injecting or absorbing reactive 

power instantly to improve the stability and performance of 

the grid. 

To reduce the rate of harmonic distortion of the inverter 

output voltage, several multilevel inverter topologies have 

been proposed in the literature [10-17]. 

According to Mohamed et al. [10], the performance of a 

grid-connected wind farm with and without a STATCOM was 

studied. The results have shown an improvement in the power 

quality of the wind farm with the STATCOM. The main effect 

of STATCOM has been observed when a three-phase fault 

applies to the network. Yuvaraj et al. [11], Liu and Wang [12], 

discussed the use of STATCOM to improve the quality of a 

wind energy system connected to the grid. In works Chavhan 

et al. [13] and Ilango et al. [14], an Icosφ algorithm is applied 

to the STATCOM for reactive power compensation and 

network power factor enhancement. A control technology for 

the STATCOM has been proposed by Sundaram et al. [15], for 

commercial wind turbines to increase the device's power 

capability and improve its power quality.  

Ahsan and Siddiqui [16] presented a MATLAB/Simulink 

model of a 12 MW wind farm associated with a STATCOM. 

Zhang and Li [17] established a simplified algorithm of PWM 

model estimation for STATCOM based by cascade converter.  
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The results show that the STATCOM was able to improve 

the power quality of the wind farm connected to the AC 

transmission system. 

In this paper, a STATCOM based on a three-level NPC 

(Neutral Point Clamped) inverter, controlled by a Space 

Vector Pulse Width Modulation (SVPWM) technique, is 

employed for reactive power compensation of a grid-

connected industrial load. The proposed control scheme is 

based on a multi-variable Linear Quadratic Gaussian (LQG / 

H2) regulator and is used to simultaneously control the DC 

side voltage and reactive power flow. 

The rest of the article is structured as follows: The modeling 

and STATCOM circuit based on a three-level NPC inverter 

connected to the three-phase network are presented in Section 

2. The SVPWM technique is presented in Section 3. A 

multivariable control synthesis based on LQG / H2 has been 

introduced in the same section. The simulation results and 

discussions are presented in Section 4. Section 5 summarizes 

the conclusions of this contribution and the objectives 

achieved. 

 

 

2. MODELING OF THE STATCOM 

 

Figure 1 illustrates the proposed circuit of STATCOM 

compensator, by using the technique of SVPWM for DC-AC 

conversion. Different blocks constituting the configuration of 

the multi-variable control circuit of STATCOM are shown. 

Measurements of the compensator currents in the d and q axes 

of Park and the voltage on the DC side will be used to calculate 

the control laws. DC voltage changes as well as reactive 

energy are possible with the multi-variable regulator, where 

the output of this regulator provides two outputs. The phase α 

is the first output, which is added to the network's pulsation ωt. 

The second output is the inverter's conversion ratio between 

the fundamental of the output voltage and the input DC voltage 

(D). With the latter, the modulation index (MI) can be 

calculated using the following formula: 
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The mathematical model of current compensator 

STATCOM in Park axes (d-q) is: 
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where, VS is the source's rms line voltage, D is the inverter 

conversion ratio between the fundamental of the output 

voltage and the DC input voltage, α is the phase angle between 

the network voltages and the inverter's output voltages, p is 

Laplace operator. 

The continuous side equation in (q-d) axes is written as 

follows: 

 

dc
cd

S

dv D
i

dt C
=

 
(4) 

 

The final multivariate model of STATCOM is given by: 

 

( 1) ( ) ( )

( )

x t Ax t Bu t

y Cx t

+ = +


=

 (5) 

 

With: 

 















−

−=

























−−

−−

=

00

0

0
1

,

00

0

0dc

S

S

s

ss

s

s

s

v

V

L
B

C

D

L

D

L

R

L

R

A 



 

 

 

 
1 0 0

, ,
0 0 1

T T

cq cd dcC x i i v u D
− 

 = = =   
   

 

 

The detail of the modeling is mentioned in APPENDIX A. 

where A denotes the state matrix, B denotes the input matrix, 

C denotes the output matrix, and x, u, and y denote the state 

vector, input vector, and output vector, respectively. 

 

 
 

Figure 1. Multi-variable control circuit of the STATCOM 

(corrected) 

 

 

3. CONTROL OF THE STATCOM 

 

3.1 SVPWM strategy 

 

Among the various modulation techniques for controlling 

the switches of a multi-level inverter is Space Vector Pulse 
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Width Modulation (SVPWM). The latter directly employs the 

variable command provided by the control system and 

identifies each vector in the complex space (α, β) [18, 19]. 

Figure 2 shows the vector diagram in space for a three-level 

inverter. 

There are six sectors (S1-S6), with four triangles(Δ0-Δ3) in 

each one, giving total of 33 which means 27 possible switching 

states for the three-level inverter. 

All sectors of the three-level SVM outer hexagon can be 

split to four (4) small triangles, ordered as shown in Figure 2. 

Each voltage vector could be split into four groups, zero 

voltage vectors (000, 111, -1-1-1), small voltage vectors 

(110.00-1,…, 0-1-1), medium voltage vectors (10-1.01-1…, 1-

10) and high voltage vectors (1-1-1.11-1,…, 1-11). All zero 

vectors are in the center of the hexagon, and the other voltage 

vectors (24 active voltage vectors) are on the corners of each 

triangle in the hexagon. All the possible states are shown in 

Figure 2 where a three-level inverter's vector diagram in space 

is divided into six (6) sectors. (Sector I, VI) Each sector is 

subdivided into four zones (Δ0, Δ1, Δ2, Δ3) [20]. 

  

 
 

Figure 2. Three-level inverter space vector diagram 

 

According to the normalization, it is worth noting that the 

low voltage should be twice lower than that of the two-level 

SVM. In this manner, the same normalization is applied for the 

hexagon, hence, the voltages produce a reference vector and 

its position can be determined. Thus, the first normal sextant 

gives the results according to Figure 3. 

 

 
 

Figure 3. The first normal sextant and the reference voltage 

vector 

 

Each of these small triangles is then considered a two-level 

hexagon sector, with the same redundancy at the origin. The 

principle of the SVPWM is based upon the calculation of the 

control voltage vector by approximately using three adjacent 

vectors. In the case of sector I, the average reference voltage 

vector Vref for conventional two-level inverters is as follows 

[20, 21]: 
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+ + =
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(6) 

 

where V1, V2, and V3 are vectors which define the triangle 

region in which Vref is located. T1, T2 and T3 are the 

corresponding reference vector times and Ts is the switching 

period. The three-level inverter is similar to a two-level 

inverter, every space vector diagram is subdivided into 06 

sectors. During this work, we will present the switching 

generation of switches for the sector I, so that the calculation 

method for other sectors is identical. Sector I is subdivided into 

four regions as shown in Figure 3, where all possible switching 

states for each region are also given. The SVPWM for three-

level inverters can be implemented by employing the 

following steps: determining the sector, determining the 

region in the sector, calculating the switching times Ta, Tb and 

Tc, and finally determining the states of commutation [22, 23]. 

 

3.2 Synthesis of the LQG/H2 controller 

 

Consider the Linear Time Invariant (LTI) system is 

illustrated by the state-space model as follows. 
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where y(t) is the vector of outputs, A is the state matrix, B is 

the control or input matrix, C is the measurement or output 

matrix, and D is the direct transmission matrix. 

This representation concerns only proper systems (i.e. 

which do not contain a pure derivative terms), for strictly 

proper systems, the matrix 𝐷 = 0. Let 𝐺(𝑠) be the system's 

transfer function. 
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The control problem is easily derived in the time domain. It 

is assumed that the function 𝐺(𝑠)  has the following 

representation in state space: 
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where 𝑥 ∈ 𝑅𝑛  is the state vector, 𝑤 ∈ 𝑅𝑛𝑤  is disturbance 

acting on the input, 𝑧 ∈ 𝑅𝑛𝑧 is the controlled output, 𝑢 ∈ 𝑅𝑛𝑢 

is the control signal, 𝑦 ∈ 𝑅𝑛𝑦  is the measured output. The 

matrices 𝐴, 𝐵1, 𝐵2, 𝐶1, 𝐶2, 𝐷11, 𝐷12, 𝐷21, 𝐷22  are constant 

matrices of appropriate size. It is assumed that the triplet 

( 𝐴, 𝐵2 , 𝐶2 ) is stabilizable and detectable and 𝐷11 = 0 and 

𝐷22 = 0. 

The noises 𝑣(𝑡) and 𝑤(𝑡) on the state and on the output 

respectively are assumed to be Gaussian white noises of zero 

means and of variances equal respectively to 𝑉 and 𝑊.  

Consider the following quadratic criterion with Q and R 

symmetric positive definite matrices termed weighting 

matrices. 
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Thus, the synthesis of a LQG regulator is only a particular 

case of the synthesis H2, for which one seeks a controller 𝐾(𝑠) 

stabilizing the given augmented system depicted in Figure 4. 

 

 
 

Figure 4. Augmented system structure 

 

The structure of Figure 2 is valid for strictly proper systems 

with 𝐷 = 0. 

One solution to this problem is to measure the disturbances 

and the differences between the model and the process. This is 

the very principle of looping or feedback control, a block 

diagram of which is given in Figure 5 below. 

 

 
 

Figure 5. Standard H2 problem 

 

The matrix P in the state space being as follows: 
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and 

 

1 1 1( , )y F P K u=
 (14) 

The H2 norm of a w_2→z_2 transfer is an accurate measure 

of the output signal strength for a unitary white noise input. 

This is a criterion that measures the performance of 

disturbance power attenuation. 

The system is represented as: 
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 (15) 

 

We call P the system (process) and the clean assumed. 

When this system is in closed loop with the control law 𝑢(𝑡) =
𝐾(𝑠). 𝑦(𝑡), the transfer matrix between 𝑤  and 𝑧 of the loop 

system, can be easily obtained and is called Linear Fractional 

Transformation (LFT)) lower [23]: 

 
1

11 12 22( , ) ( )F P K P P K I KP −= + −  (16) 

 

The disturbances are assessed by using the signals from the 

measurement channel (vectors of the measurement outputs). 

This measurement makes it possible to attenuate the effect of 

disturbances on the output via the action channel formed by 

the control vector. The set point trajectory is then considered 

as a particular disturbance. The feedback makes it possible to 

reduce, within a certain limit, the differences between the 

process and the model [24]. 

LQG synthesis can be expressed in the frequency domain as 

the synthesis of a linear regulator invariant K stabilizer 

increased P system and minimizing the following criterion: 

 
2

1 2
( , )LQGJ F P K=  (17) 

 

LQG control is designed within a stochastic context, i.e. 

when the matrices 𝑉  and 𝑊  correspond to variances. The 

resolution of H2 optimization problem requires the solution of 

the two following Riccati equations [25]: 
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where 𝑋  and 𝑌  are the stabilizing solutions to the ARE 

(Algebraic Riccati Equation).  

With: 

 

1212 1( )TM I D D C= −  (20) 

 

211 21( )TN B I D D= −  (21) 

 

The optimal controller as defined in 𝐽𝐿𝑄𝐺  criterion is then 

broken down into a structure observer / controller structure 

whose state feedback matrices 𝐹 and observation 𝐻 are given 

by: 

 

12 1 2( )T TF D C B X= − +  (22) 

 

211 2( )T TH B D YC= − +  (23) 

 

The use of a particular 𝑌ou the parameterization of taking 
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to the matrix controller K of the optimum state observer-

controller structure defined by the matrices 𝐹 and 𝐻 are then 

obtained by the following structural matrix: 

 

2 2 2

2

0

0

A B F HC H B

K F I

C I

+ + − 
 

=
 
  

 
(24) 

 

 

4. SIMULATION RESULTS 

 

In Table 1 of Appendix B, all of the simulation's 

components' parameters are mentioned. The overall model of 

the system and control scheme are implemented in 

MATLAB/Simulink. The circuit that is proposed is divided 

into two large sections: the first contains a three-phase rms 

voltage source of 380 V and a frequency of 50 Hz, a voltage 

source inverter controlled by space vector PWM in order to 

compensate for the reactive power generated by industrial 

loads. The second part is the control part which includes the 

multi-variable controller MIMO LQG/H2 and SVPWM 

technique. 

In this simulation study two scenarios are presented and 

tested. The first scenario aims to compare the two and three 

level topologies of the STATCOM voltage source inverter and 

the second scenario aims to assess the control system's 

performance under changing references of reactive power. 

 

4.1 Comparison between two and three level inverters 

 

 
 

Figure 6. The load’s active and reactive power 

 

 
(a) Two levels 

 
(b) Three levels 

 

Figure 7. The network's active and reactive power 

 

 
(a) Two levels 

 
(b) Three levels 

 

Figure 8. The compensator’s active and reactive power 

 

Figure 6 depicts the load's active and reactive powers. The 

active power of the load was fixed at 10 kW and the reactive 

power was varied from - 10 kVar to + 10 kVar. 

The network's active and reactive power for the two-level 

and three-level inverters topologies are illustrated in Figure 7. 

The network provides the active power applied to the load. The 

reactive power becomes zero after a short transient. In addition, 

a significant improvement can be noticed on the time of the 

inverter answers to three levels at the two-level topology. 

Figure 8 shows the instantaneous responses of the active 

and reactive powers of the compensator for two (Figure 8 (a)) 
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and three levels (Figure 8 (b)). It can be seen that the active 

power becomes zero in steady state and the reactive power is 

inversely proportional to that of the load.  

Figure 9 shows the waveforms of the network current 𝑖𝑠𝑎, 

the load current 𝑖𝐿𝑎 and that of the compensator 𝑖𝑐𝑎 , 

respectively with respect to the network voltage 𝑣𝑠𝑎  for the 

two modes of inductive and capacitive load. It can be seen that 

the network current becomes in phase with its voltage. 

The DC voltage 𝑉𝑑𝑐, the modulation index MI and the phase 

difference between current and voltage of α network for the 

inverter to two level (a) and three levels (b) are shown in 

Figure 10. Voltage side is a constant ongoing follow its 

reference 800 V before and after the disturbance. 

 

 
(a) Two levels 

 
(b) Three levels 

 

Figure 9. The grid voltage 𝑣𝑠𝑎, respectively with 𝑖𝑠𝑎, 𝑖𝐿𝑎  and 

𝑖𝑐𝑎 

 

 
(a) Two levels 

 
(b) Three levels 

 

Figure 10. The DC voltage and control laws 

 

Figure 11 shows the Fourier series decomposition of the 

current of phase A of the network. A remarkable improvement 

in the shape of the current, which is well visualized at THD 

(3.63% for the three-level inverter compared to 4.24% for the 

two-level). 

Scenario 02 consists of the variation of the load from 30 ÷ 

10 kVAR and a permanent active power of 20 kW as shown 

by the Figure 12. 

 

 
(a) Two levels 

 
(b) Three levels 

 

Figure 11. The current of the phase A and its spectral 

analysis 
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Figure 12. The load’s active and reactive power 

 

 
 

Figure 13. The network’s active and reactive power 

 

 
 

Figure 14. The compensator’s active and reactive power 

 

The active and reactive power supplied by the network are 

shown in Figure 13. We notice that the reactive power of the 

network is canceled when the compensator starts up and that 

it goes through a very short transient regime after the sudden 

change in load.  

Figure 14 shows the active power and reactive compensator. 

The active power is almost zero, as we can see. The reactive 

power is zero before starting the STATCOM. Once 

STATCOM is used, the compensator power is in the sign 

position relative to the load power to compensate for the 

reactive power requested by the load. 

 
 

Figure 15. The mains voltage 𝑣𝑠𝑎, respectively with 𝑖𝑠𝑎, 

𝑖𝐿𝑎  and 𝑖𝑐𝑎 

 

 
 

Figure 16. The DC voltage and control laws 

 

Figure 15 represents the waveforms of the current isa of the 

source, the current iLa of the load and that of the compensator 

ica, respectively with respect to the network voltage vsa for an 

inductive load mode. When the compensator is started at t = 

0.1 s, we see that the network current becomes in phase with 

its voltage. At the instant t = 0.5 s, we applied a load of 

10KVAR, noticing that despite this change the current isa 

remains in phase with its voltage vsa. It is thus noted that the 

current of the compensator ica is in phase opposition with the 

current of the load iLa for the purpose of compensate the 

reactive power. 

Figure 16 shows the shape of the DC voltage and the control 

laws. The DC voltage is zero before starting the STATCOM. 

After using the compensator, the voltage continues to follow 

its reference despite the change in load. Modulation index 

changes are made to ensure DC voltage adjustment. The phase 

shift ensures the flow of reactive power with the aim of 

canceling it from the network. 

Chen et al. [26] proposed a new passivity-based adaptive 

control (PBC: Passivity-Based Control) of a D-STATCOM-

based cascade multilevel converter integrated with a medium 

voltage distribution system for power reactive compensation. 

Passivity based nonlinear control is designed to achieve the 

tracking of reference currents. In addition, adaptive control is 

also presented to mitigate the effects of disturbance and 

increase the performance of D-STATCOM. Experimental 

results are exposed and compared by Chen et al. [26] with 

those obtained by simulations in MATLAB/SIMULINK. The 
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total harmonic distortion (THD) of the supply current is 3.46% 

for a seven-level inverter. However, several number of 

switches and DC voltage sources can increase the cost of 

STATCOM thus complicating switch control. To demonstrate 

the superiority and performance of the proposed control in this 

article with respect to the proposed advanced control method 

in Chen et al. [26]. A new type of multilevel converter 

topology TIM (Triple Modular Inverter) has been proposed 

[27]. Several benefits have been considered this structure 

except that it requires using a number of switches higher (18 

switches). But for our topology uses a reduced number of 

switches (12 switches). The results obtained in this article (the 

THDs for the inverters with two and three levels are 

respectively 4.24 and 3.63%) are very satisfactory and the 

method used showed better performances in closed loop. 

 

 

5. CONCLUSION 

 

The presented study is a part in the research area of reactive 

energy compensation and energy quality, where we proposed 

an adequate solution to optimize the reactive power in an 

electrical network through the static power compensator 

STATCOM. Our work was devoted to the basic structure and 

the operating principle of STATCOM, as well as the multi-

variable mathematical model in the synchronous frame (d-q) 

for the studied compensator when it is connected to the 

electrical network. We were oriented towards the Gaussian 

linear quadratic control LQG / H2. This command is based on 

a system state estimator with the use of the Kalman filter 

which plays two roles, one to identify system states and the 

other to filter out noisy measurements. The inverter switches 

were controlled by SVPWM technique. We managed to 

achieve a multi-variable control that shows better speed with 

the possibility to control the reactive component of the 

alternating current side and the DC side. Results of simulations 

performed using the MATLAB / Simulink software for 

STATCOM validated the general model of the used device. 

Finally, it was shown that the compensator was realized with 

high efficiency, which was our crucial goal. 
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APPENDIX  

 

Appendix A 

 

We have provided below a detailed derivation of the state-

space model given by Eq. (5). 

The current 𝐼𝑑𝑐  through the DC link capacitor can be 

expressed in terms of the switching function 𝑆 as: 

 

𝐼𝑑𝑐 = 𝑆𝑇 . 𝐼𝑐𝑎𝑏𝑐  (A.1) 

 

where 𝐼𝑐𝑎𝑏𝑐 is the three phase current of the compensator.  

The representation of this current in the Park reference 

frame gives: 

The compensator current in (dq) axes: 

 

𝑑

𝑑𝑡
[
𝐼𝑐𝑑
𝐼𝑐𝑞

] =

[
 
 
 −

𝑅𝑠

𝐿𝑠

𝜔

−𝜔 −
𝑅𝑠

𝐿𝑠 ]
 
 
 

[
𝐼𝑐𝑑
𝐼𝑐𝑞

]

+
1

𝐿𝑠

[
𝑉𝑠 𝑐𝑜𝑠(𝛼) − 𝐷𝑉𝑑𝑐

−𝑉𝑠  𝑠𝑖𝑛(𝛼)
] 

(A.2) 

 

The relationship between current and voltage on the DC 

side is written: 

 

𝐼𝑑𝑐 = 𝐶𝑠.
𝑉𝑑𝑐 

𝑑𝑡
 (A.3) 

 
𝑑𝑉𝑑𝑐

𝑑𝑡
=

𝐷

𝐶𝑠

. 𝐼𝑐𝑑 (A.4) 

 

The conversion coefficient in the Park D axes can be 

expressed by the following equation: 

 

𝐷 =  
√𝑉 𝑐𝑑

2 + 𝑉 𝑐𝑞
2

𝑉𝑑𝑐

 
(A.5) 

 

where vcd and vcq are the converter voltages. 

And the phase angle α is given by: 

 

𝛼 = 𝑎𝑟𝑐𝑡𝑔 (
𝑉𝑜𝑞

𝑉𝑜𝑑

) (A.6) 

 

{
𝑥(𝑡 + 1) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡)

𝑦 = 𝐶𝑥(𝑡)
 (A.7) 

 

We obtain the complete mathematical model as follows [23]. 

With: 

 

𝐴 =
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]
 
 
 
 
 
 

;  𝐵 =
1

𝐿𝑠
[
−𝑉𝑠 0
0 𝑉𝑑𝑐0

0 0

] ; 

𝐶 = [
−1 0 0
0 0 1

] 

𝑥 = [𝑖𝑐𝑞 𝑖𝑐𝑑 𝑖𝑑𝑐]𝑇; 𝑢 = [𝛼 𝐷]𝑇 

 

 

Appendix B 

 

Table 1. Parameters of the Simulation Models 

 
Parameter Value 

Source voltage and frequency 380 V, 50 Hz 

Leakage impedence Rf , Lf 0.5 Ω, 1 mH 

SVPWM switching frequency, fs 2500 Hz 

Capacitance, Cs 1000 F 

Capacitor initial voltage, vdc0 800 V 
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The matrices of LQG/H2 regulator: 
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