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Abstract. Flexible alternating current transmission systems (FACTS) evolved as a result of the development of power electronics and began to play a key role in 

improving the quality of Network power. The purpose of this work is to provide a control strategy of voltage and reactive power flow in one of the most used 
FACTS devices known as STATCOM. This strategy is based on a hybrid control (sliding mode control-classic PI control), in addition STATCOM uses a 48-pulse 

converter. The simulations proved the efficiency of the proposed system in both the control performance and harmonic distortion rate of the current injected into 

the grid. 
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1. Introduction 

The consumption of electrical energy is continually increasing as 

a result of industrialization and population increase. Thus, in 

order to achieve a balance between production and consumption, 

the number of power stations, lines, transformers, and other 

equipments in the power network must be increased, resulting in 

higher costs and environmental degradation [1]. 

The traditional means of electricity generation (thermal and 

nuclear power stations) are well adapted to the performance of 

electrical systems because their production is controllable, 

however, they use energy ressources with significant 

environmental disadvantages: Limited reserves, greenhouse gas 

emissions, and waste disposal, (particularly nuclear waste) [1], 

[2]. These energy and environmental concerns have pushed the 

evolution of electrical networks toward a vast integration of new 

unconventional and distributed electricity production sources, 

(particularly wind and photovoltaics PV), characterized by their 

reliance on climatic conditions (wind for aeolian and sunlight for 

PV) [2]. 

The current needs of consumers for high quality electricity require 

a highly efficient network. Many customers may be faced with 

major technical and economic problems as a result of poor energy 

quality due to the increasing sensitivity of the receivers and the 

process controls used. Disturbances such as voltage fluctuations, 

flashing, harmonics, or imbalances can prohibit devices from 

functioning properly and force certain industrial processes to shut 

down [3]–[7]. 

Conventional network control means such as electromechanical 

devices (transformer with adjustable load supports, phase-shifting 

transformers, serial or parallel compensators switched by circuit 

breakers, modification of production instructions, change in 

network topology, and action on generator excitation) may prove 

to be too slow and insufficient in the future to respond effectively 

to network disturbances, especially given the new constraints. 

The rapid development of power electronics has given a 

significant impact on improving power grid operation by 

improving parameter control and introducing control devices 

based on advanced power electronics (GTO, IGBT), known as 

FACTS (Flexible Alternative Current Transmission Systems) [8]. 

The latest generation of FACTS systems is mostly composed of 

voltage (or current) converters based on modern static switches 

(GTO, IGBT), connected to capacitors as continuous voltage 

sources. These converters can be classified based on their 

network connection as shunt, series, or hybrid compensators, such 

as STATCOM (STATic COMpensator), SSSC (Static 

Synchronous Series Compensator), and UPFC (Unified Power 

Flow Controller) respectively. 

The STATCOM is commonly used for reactive energy 

compensation and, as a result, voltage regulation at the bus bar  to 

which it is linked. It generates a three-phase AC voltage 

synchronized with the voltage of the electrical grid from a DC 

voltage source. In practice, no active power is involved; only 

reactive power is exchanged between the STATCOM and the 

power grid, allowing for both power factor correction and 

compensation for falls and surges, hence enhancing the power 

quality of the network [8]–[10]. 

Extensive studies in recent years have revealed that the success of 

STATCOM is heavily dependent on the accuracy and robustness 

of the adopted control approach [11], [12]. 

Traditional PI controllers are generally simple to implement, 

however they are heavily affected by parameter variations and 

may suffer from stability issues; as a result, the authors of the 

reference [13] present an adaptive PI control of a STATCOM. In 

[14] and [15], the authors suggest a fuzzy logic control of a D-

STATCOM (D-STATCOM: STATCOM coupled to a low voltage 

distribution network) and the results are compared with those of a 

standard PI control. However, it should be mentioned that this 

new technique has a long response time and a noisy stationary 

state (small oscillations). The authors of reference [16] used a D-

STATCOM to adjust the output voltage of a hybrid power plant 

(eolian-diesel unit), and a sliding mode control was used. The 

authors of reference [17] attempt to improve the performance of a 

D-STATCOM connected to a low-voltage distribution network by 

selecting an appropriate DC-side reference of the D-STATCOM, 

this method reduces switching losses and current harmonics of the 

D-STATCOM without degrading its dynamics, a conventional PI 

control was used. The authors of reference [18] proposed a hybrid 

approach (SMC-PI) on a D-STATCOM to increase both static and 

dynamic performance over the usual PI configuration. 

In the present work, we investigate the compensation of high 

voltage transmission lines by using a STATCOM system. 

Knowing that the control strategy is critical for good static and 

dynamic performance, we suggest a hybrid control method 

(sliding mode control–PI control) as we know the robustness and 

the dynamic performance of  the sliding mode technique in 

general. In addition, we propose the use of a 48-pulse converter as 

an inverter for the STATCOM topology given its very low rate of 

harmonic distortion on the AC side. 

2. Modeling of the grid connected STATCOM 

The equivalent diagram of the STATCOM can be found in 

(Fig.1). Only the busbar of the common coupling point (CCP) is 

considered for the STATCOM modeling and the DC source is 

assumed to be constant (Fig.1.a). As a result, the equivalent 

circuit of Fig.1.b is an AC voltage source shv coupled to a 
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network node by the inductor shL of a coupling transformer and a 

resistor shR  representing the transformer's ohmic losses and the 

inverter's switching losses [19]. The current shi  is determined by 

the difference between the node voltage rv  and the STATCOM's 

adjustable voltage shv  [20][21]. 

The amount of reactive power transferred between the 

STATCOM and the network is managed by the amplitude of the 

STATCOM voltage vsh. This reactive energy is either injected into 

or removed from the network, allowing the bus bar voltage vr to 

be regulated at a desired value [22]. 
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Fig.1. Equivalent diagram of a STATCOM  

The application of Kirchhoff's laws on the equivalent circuit of 

Fig.1.b gives: 
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Where:  

( rav , rbv , rcv ): Three phase voltages at the CCP. 

( shav , shbv , shcv ): Three phase voltages at the output of the 

STATCOM.  

( shai , shbi , shci ): Three phase shunt current of the STATCOM. 

The well-known Park transformation allows the following 

transition from a balanced three phase system (a, b, c) to a 

rotating frame with only two orthogonal axes (d,q) [27]: 
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 Where: 

( cba xxx ,, ): Phase components of the three phase system 

(voltage, current …). 

( qd xx , ) : Park components. 

 : Angle between the phase axis a and the rotating axis d. 

 P : Transformation matrix given as follow: 
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The inverse Park transformation allows the return to phase 

components (a, b, c) as follows: 

 

 






























q

d

c

b

a

x

x
P

x

x

x

.
1   (3)

 
 

  1P : Inverse transformation matrix. 

Considering ft 2  ( f : frequency of the grid currents), the 

application of park transformation to equation (1) gives [23]:  
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Then, we can write the following state equation of the 

STATCOM: 
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Where:  
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1 : State variables of the system. 

3. Proposed sliding mode control of the STATCOM  

According to equation (5), the relative degrees of outputs x1 = ishd 

and x2 = ishq are unit, i.e. r1 = r2 = 1. To boost pursuit performance 

in steady state we picked the following integral type sliding 

surfaces [24]: 
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Where: 

shdshd iie  
1   (8) 

And,

 

shqshq iie  
2   (9) 

 

By inserting equations (8) and (9) into (6) and (7), respectively, 

we obtain the derivatives of the following sliding surfaces: 

 

111 .eiiS shqshq   &&&   (10) 

And,
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Then, by inserting equations (5) into (10) and (11), we get: 
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And, in order to check Lyapounov's stability criterion  

( 0. 
ii

SS & ), we must have: 
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Where 1 , 2 , 1 , 2  are design parameters chosen based on 

desired closed loop performance. They enable the designer to 

increase response speed and robustness vis-à-vis uncertainties and 

exogenous inputs. 

Note: The greater and larger the numbers 1  and 2 , the faster 

the time of attractiveness towards the sliding surface; while low 

values 1 and 2  lower the oscillations. 

By equating equations (12) with (14) and (13) with (15), we get: 
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And, 
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This allows us to find the following u1 and u2 command 

expressions: 
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Taking into consideration: 

111 ceq uuu    (20) 

And,

 

222 ceq uuu    (21) 

 

Finally, the following formula defines the command: 

 The terms of the ueq1 and ueq2 equivalent commands, specified 

as follows: 

111 . eLviLiRiLu shrdshqshshdshshdsheq   &   (22) 

And,
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 Correction terms uc1 and uc2 : 
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Finally, we propose in Figure 2, the bloc diagram of the hybrid 

SMC-PI strategy of the STATCOM based on an internal SMC 

control of two variables (isd and isq) and two external PI control 

loops for Vdc and vr . This control strategy can be explained as 

follows: 

 The two internal current control loops are achieved by a 

STATCOM-SMC control block.  

 The continuous bus voltage control loop's role is to keep this 

voltage constant by controlling the active power transit 

between the PCC and the continuous bus. The reference 

voltage *
dcV  and measured voltage

dcV  are the regulator's 

inputs, and the output is the direct component of the reference 

current *
shdi  (Fig. 2). This voltage is frequently controlled by a 

PI type regulator [25]. 

 The control of the reactive power exchange between the 

STATCOM and the power grid regulates the vr voltage at the 

'PCC' coupling point. As shown in Figure 2, a PI controller 

generates a reference signal for  the STATCOM's reactive 

current component *
shqi . 
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Fig.2. Bloc diagram of SM control strategy for STATCOM [24]



Because of its very low harmonic distortion content on the AC 

side, the 48-pulse converter can be used in high voltage and high 

power applications without the requirement for AC filters. This 

converter's consists of four identical three-level GTO converters 

(each requiring 12 control pulses) coupled together by four phase-

shifting transformers, as shown in Figure 3 [26]. Transformers are 

specifically required in our application to raise the output voltage 

and adapt it to that of the network; they thus serve a dual purpose: 

they perform the phase shifts required to get multi-level voltage 

and they raise the voltage to match the very high voltage. In order 

to avoid very large number of switching operation, we use full-

wave control which leeds to a minimum switching losses. 

 

 
Fig.3. 48 pulse GTO voltage inverter 

4. Simulations and results analysis 

4.1. Simulations 

Figure 4 presents a single-line diagram of the power network 

used to validate the operation of the proposed STATCOM. 
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Fig.4. Single-line diagram of the studied network 

The considered network is composed of a 400 KV reference 

generator and a transmission line modeled in π to supply a load 

(L1, L2, L3) at the set of bar 'r'. 

The Tsh transformer is used to reduce the voltage from 400 KV 

(network voltage) to 20 KV (STATCOM output voltage). 

The simulations are carried out in a per unit system with base 

values of SB = 1000 MVA and UB = 400 kV, and the voltage of 

the generator busbar is VS = 1.0 pu. 

Three loads (L1, L2 and L3) are connected to the busbar " r " as 

shown in the following table: 

Table 1. Load variation 

Connection 

time(s) 

0s to 0.5s 0.5 to 1s 1s to 1.5s 1.5s to 2s 

Load L1 L1+L2 L+L2+L3 L3 

 

 

Where: 

L1: inductive load , P1 = 1.0 pu and Q1 = 0.4 pu. 

L2: inductive load , P2 = 0.5 pu, and Q2 = 0.4 pu. 

L3: capacitive load , P3  = 0.3 pu, Q3c = 0.2 pu, Q3l = 0.01 pu 

4.2. Results analysis  

4.2.1 Network without STATCOM (STATCOM deconnected) 

The voltage drop generated by the inductive load L2 at time t = 

0.5 s is shown in Fig.5 at both the source and load bus bars Vs and 

Vr. At time t = 1 s, the capacitive load connection L3 naturally 

dampens this voltage drop. Finally, the disconnection of all 

inductive loads in the final transition at time t = 1.5 s resulted in a 

capacitive load flow and a surge at the two bus bars. Note t small 

influence of load fluctuations on the source bus bar. 
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Fig.5. Source voltage sv  and load voltage rv before compensation 
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b. Case of capacitive load 

Fig.6. Grid voltage vs and current is before compensation 

The phase shift between the voltage and current of the source is 

shown in Fig.6, and it is evident that the voltage is ahead of the 

current, as shown in Fig.6.a in the case of inductive load. In the 
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case of a capacitive load, the current is ahead of the voltage, as 

shown in Fig.6.b. 

4.2.2. Network with  connected STATCOM 

The STATCOM produces reactive current (ishq>0) for inductive 

loads and absorbs reactive current (ishq<0) for capacitive loads, as 

shown in Fig.7.  

In inductive mode the STATCOM injects a quantity of reactive 

power Qsh ≈  [0.45 0.91 0.76] pu in the three intervals to raise the 

voltage vr to 1.0 pu, while in capacitive mode the STATCOM 

absorbs reactive energy from the network(Qsh<0)  to keep the 

voltage profile vr constant, as shown in Fig.8. 

We notice that the STATCOM consumes a very low amount of 

active power to compensate for losses in the power switches of 

the static converter (Fig.8). 
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Fig.7. STATCOM currents ishd  and ishq  
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Fig.8. STATCOM Active and reactive power (Psh ,Qsh) 

The voltage of the load bus bar is well regulated at its nominal 

value, vr = 1.0 pu, as shown in Fig.9. Furthermore, a favorable 

effect is also observed on the voltage vs, which approaches its 

nominal value (Fig.9). 
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Fig.9. Source voltage sv  and load voltage rv after SMC compensation 

Figure 10 shows that the voltage vs and the current is are in phase 

in steady state after compensation; indicating that there is no 

transit of reactive power between the source and the load after 

compensation.  

Figure 11 displays the shapes and phase shift between the vsh and 

vr voltages after PI-SMC compensation; we note a zero phase 

shift (vsha and vra are in phase). We can determine the capacitive 

mode of operation for (vr < vsh) and the inductive mode of 

operation for (vr > vsh). Furthermore, Fig.12 shows that ish current 

is forward quadrature to vsh voltage for the capacitive mode and 

backward quadrature for the inductive mode, implying that only 

reactive energy is transferred between the STATCOM and the 

network. We notice the specific waveform of the output voltage 

of the 48-pulse converter which is very close to the sine wave. 
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Fig.10. Grid voltage vs and current is after compensation 
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Fig.11. Grid voltage vsh-a and  vr-a after compensation  
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Fig.12. Grid voltage vsh-a and current ish-a after compensation 

Figure 13 shows the THD of vsh voltage at the STATCOM output 

as well as the ish current injected into the network by the PI-SMC 

hybrid control. THD for voltage is 4.11 % and 0.90 % for current. 

These values are fully compliant with IEEE regulations, which 

focus only on the injected current by limiting its THD to 5% and 

the amplitude of each current harmonic to 3% [27]. 
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b. Harmonic spectrum of the ish-a 

Fig. 13.  Harmonic spectrum of the phase voltage vsh-a and current ish-a at 

the STATCOM output 
 

6. Conclusion  

We began this paper by emphasizing the detrimental effect of 

reactive power transit on the load bus bar. Then we connected a 

STATCOM to this bar in order to adjust for reactive power and 

keep the voltage at its nominal value. In terms of compensation 

and enhanced energy quality, the adoption of hybrid control 

strategy (PI – SMC) has produced extremely excellent results. 

Indeed, the proposed innovative methodology ensures a very fast 

dynamic adjustment in the case of a rapid change in load and 

operates as a shock absorber, in addition to a better energy quality 

in a constant state. In addition the use of 48-pulse converter 

achieves an output voltage with very good shape while 

minimising the switching losses. 
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