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Robust Hybrid Control Strategy PI-Sliding Mode Control of a 
STATCOM in the Presence of a Decentralized PV Source 

 
 

Abstract. Nowadays, the flexible alternating current transmission systems (FACTS) have emerged and began to play a key role in improving the 
quality of the grid power. The aim of this work is to design a robust control strategy for the voltage and the flow of reactive power using one of the 
most popular FACTS devices, namely the STATCOM (static compensator). The proposed strategy consists of a hybrid control (PI control - sliding 
mode control). This strategy proved its effectiveness in terms of response time and harmonic distortion rate. Furthermore, we investigated the impact 
of the insertion of a photovoltaic source in the electrical network on the STATCOM operation. Simulation results show that this decentralized source 
has relieved the grid by its contribution in active power with practically no influence on the performance of the STATCOM, which remains unaffected. 
 
Streszczenie.  Obecnie pojawiły się elastyczne systemy przesyłu prądu przemiennego (FACTS), które zaczęły odgrywać kluczową rolę w poprawie 
jakości energii sieciowej. Celem pracy jest zaprojektowanie solidnej strategii sterowania napięciem i przepływem mocy biernej za pomocą jednego z 
najpopularniejszych urządzeń FACTS, czyli STATCOM (kompensator statyczny). Proponowana strategia składa się ze sterowania hybrydowego 
(regulacja PI – sterowanie ślizgowe). Strategia ta dowiodła swojej skuteczności pod względem czasu odpowiedzi i współczynnika zniekształceń 
harmonicznych. Ponadto zbadaliśmy wpływ wprowadzenia źródła fotowoltaicznego do sieci elektrycznej na działanie STATCOM. Wyniki symulacji 
pokazują, że to zdecentralizowane źródło odciążyło sieć dzięki swojemu udziałowi w mocy czynnej, praktycznie bez wpływu na wydajność 
STATCOM, na co nie ma to wpływu. (Odporna strategia sterowania hybrydowego Sterowanie trybem przesuwnym PI STATCOM w 
obecności zdecentralizowanego źródła PV) 
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Introduction 
Grid-connected decentralized sources have evolved 

greatly in recent years. Electricity system deregulation and 
competition have been implemented in many regions of the 
world to lower customer energy costs, improve supply 
security, and promote efficiency [1]. The use of renewable 
resources stimulates the incorporation of more renewable 
energy generators into electrical systems to reduce 
greenhouse gas emissions [2]. 

The rapid development of power electronics has 
resulted in a significant impact on improving power grid 
operation by introducing control devices based on 
advanced power electronic components (GTO, IGBT), 
known as FACTS (Flexible Alternative Current 
Transmission Systems) [3]. 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 one of the most widely used devices 
for reactive energy compensation and voltage regulation at 
the common coupling point (CCP). It generates a three-
phase AC voltage synchronized with the grid one from a DC 
voltage source. No active power is involved; only reactive 
power is exchanged between the STATCOM and the grid, 
allowing both the correction of power factor and 
compensation for voltage drops and overvoltage, hence 
improving the power quality [3]–[5]. 

Many extensive studies over the past few years have 
revealed that the success of STATCOM is heavily 
dependent on the accuracy and robustness of the control 
approach used [6], [7]. Traditional, PI controllers are simple 
to implement, however they are heavily affected by 
parameter variations and may suffer from stability issues. In 
the reference [8] the authors present an adaptive PI control 
of a STATCOM in order to maintain control performance 
under changing system conditions. In [9] and [10], fuzzy 
logic controls are suggested for D-STATCOMs (D-
STATCOM: STATCOM coupled to a distribution network) to 

improve voltage stability, dampen power oscillations, and 
improve transient stability compared to conventional PI 
control. The authors of reference [11] proposed a D-
STATCOM to adjust the output voltage of a hybrid power 
plant (wind-diesel unit), and a sliding mode control was 
used. The authors of reference [12] attempt to improve the 
performance of a D-STATCOM by selecting an appropriate 
DC reference, this method reduces switching losses and 
current harmonics of the D-STATCOM without degrading its 
dynamic. The authors of reference [13] used a hybrid 
approach (SMC-PI) on a D-STATCOM to increase both 
static and dynamic performance over the usual PI 
configuration. 

In this paper, we investigate the compensation of the 
power grid using a STATCOM in the presence of a 
decentralized PV source. As the STATCOM's control 
methodology is critical for good static and dynamic 
performance, we propose a hybrid strategy (PI control-
sliding mode control). Also, the PV source is connected to 
the grid using a sliding mode control strategy. In section two 
and three, the grid connected STATCOM and the grid 
connected PV source are modeled respectively. The sliding 
mode control proposed for both the STATCOM and the PV 
source is developed in section four. Section five is devoted 
to the simulation results and analysis. Finally, we give the 
conclusions. 

 
Modeling of the grid connected STATCOM 

The STATCOM is represented by the equivalent 
diagram of (Fig.1).  

Only the bus bar of the common coupling point (CCP) is 
considered and the DC source is assumed to be constant 
(Fig.1.a). The equivalent circuit of (Fig.1.b) is an AC voltage 
source vsh connected to the network by the inductor (Lsh, Rsh) 
of the coupling transformer [14]. The reactive power 
exchanged between the STATCOM and the grid is adjusted 
by action on the amplitude of the STATCOM voltage vsh. 
This reactive energy is either injected into the network or 
extracted from the network, allowing the bus bar voltage vr 
to be regulated at a desired value [15]. 
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Fig.1. Equivalent diagram of a STATCOM 

In the per unit system, the application of Kirchhoff's laws 
on the equivalent circuit of Fig.1.b gives: 

(1)  
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( rav , rbv , rcv ): Three phase voltages at the CCP. 

( shav , shbv , shcv ): Three phase STATCOM output voltages.  

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

The Park transformation allows the transition from a 
balanced three phase system (a,b,c) to a two axes rotating 
(d, q) frame [15]: 
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Where (xa, xb, xc) are phase components of the three phase 
system (voltage, current …), (xd, xq) are Park components, 
  is the angle between the phase axis a and the rotating 
axis d,   P is the transformation matrix.  

Considering  = 2πft ( f : frequency of the grid currents), 
the park transform of equation (1) gives [16]: 
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Then, the state equation of the STATCOM is written as 
follows: 
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Grid connected PV source using three-phase inverter 
Fig.2 shows the proposed direct three-phase grid-
connected PV system, including a solar array, a capacitive 
DC link, and a three-phase inverter with an inductive filter (R 
, L). To obtain the needed dc voltage (vdc) and power rating, 

the PV modules are connected in a series–parallel 
configuration. Note that commonly two converters are used; 
a DC-DC converter for adjusting the MPPT and a DC-AC 
converter for controlling the reactive power injected into the 
network. In our work, only a three-phase inverter is used in 
the proposed simple conversion system. 
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Fig.2. Direct grid connected PV source using three-phase inverter 

Photovoltaic source  
PV sources convert emitted solar energy into electrical 

energy. We use the simplified model shown in Fig.3 to 
derive the features and behavior of a PV cell [17]. 
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Fig.3. Circuit diagram of the PV cell model 

The modeling of the solar cell is defined by the following 
voltage–current relationship [18]: 
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where: I: PV output current (A).; Iph: Cell’s photocurrent.; Is: 
Saturation current (A).; V: PV output voltage (V).; q: 
Electron charge (1.60217×10–19 C).; k: Boltzmann constant 
(1.38065×1023 J/K);  a: Diode ideality constant; Rs and RP: 
Series and parallel resistances of cell (Ω); Ns: Number of 
cells in series; T: Temperature (K). 

More details on the modeling of a PV cell can be found 
in [17]. In our work, we use the BP3160 module, the 
parameters of which are detailed in Table 1.  

Table 1. Specifications of PV module BP3160, [17] 

Characteristics  Values 
Typical peak power  
Voltage at peak power  
Current at peak power  
Short-circuit current (Isc)  
Open circuit voltage (Voc)  
Temperature coefficient of Isc (k1)  
Temperature coefficient of Voc (k2)  
Factor of PV technology (a)  
Series resistance (Rs) 

160 W 
34.5 V 
4.55 A 
4.8 A 
44.2 V 
(0.065±0.015) %/K 
(160±20) mV/K 
1.5 
5 mΩ 

According to Fig.2, the AC-side of the inverter is 
governed by the following equations: 
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In the rotating (d, q) frame, equation (6) becomes: 
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where (ed, eq, id, iq, vd, vq) are the components of grid voltage, 
grid current and inverter output voltage respectively. 
Neglecting the power losses in the inverter switches, the 
power balance relationship between the DC side and the 
AC side is given by: 

(8)  dcdcqqdd ivieie ...   

Where, vdc and idc are the input voltage and current of 
the inverter, respectively. Applying Kirchoff law on the DC 
side of the inverter (Fig.2) yields to the following equation: 
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Where, ipv is the output current of the PV array 
Then, equations (7) and (9) are grouped as follows: 
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where: T
qd

T vvuuu ),(),( 43   is the input vector; 

T
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T viixxxx ),,(),,( 321   is the state vector; 

Equation (10) can be written in the following 
form: 

(11)  uxgxfx ).()(   

Where, f(x) and g(x) are defined by: 
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Sliding mode control of STATCOM and PV 
Application to the STATCOM 

According to equation (3), the relative degrees of 
outputs x1 = ishd and x2 = ishq are unitary, i.e. r1 = r2 = 1. To 
improve the steady-state tracking performance, we have 
adopted the following integral-type sliding surfaces [19]:  

(12)                 
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Where: (14)  shdshd iie  
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(15)   shqshq iie  

2  

By inserting equations (14) and (15) into (12) and (13), 
respectively, we obtain the following derivatives: 

(16)  111 .eiiS shqshq     

(17)  222 .eiiS shqshq     

By inserting equations (3) into (16) and (17), we get 
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And, in order to check Lyapunov stability criterion 

( 0. ii SS  ), we must have: 

(20)    11111 SsignSS    

(21)    22222 SsignSS    

Where 1, 2, 1 and 2  are design parameters, 
allowing the designer to improve closed loop response time 
and robustness against the effect of uncertainties and 

exogenous inputs. The greater the 1 and 2  values, the 
faster the attraction time to the sliding surface, while small 

values of 1 and 2  reduce oscillations. 
By equaling equations (18) with (20) and (19) with (21), 

we get: 
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This allows us to find u1 and u2 command expressions: 
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Taking into consideration: 

(26)   111 ceq uuu   

(27)   222 ceq uuu   

The following order and correction terms are obtained: 
 Equivalent order terms ueq1 and ueq2 : 

(28)   111 . eLviLiRiLu shrdshqshshdshshdsheq     

(29)   222 . eLviLiRiLu shrqshdshshqshshqsheq     

 Correction terms uc1 and uc2 : 

(30)   )( 11111 SsignLSLu shshc    

(31)   )( 22222 SsignLSLu shshc    

Finally, the control of the two internal variables (ishd and 
ishq) is achieved by a SMC block as shown in (Fig.4).  

The DC bus voltage control loop keeps vdc constant by 
controlling the active power transit between the PCC and 
the continuous bus; this voltage is frequently controlled by a 
PI type corrector as in (Fig.4), [20]. 
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Fig.4. Block diagram of SM control strategy for STATCOM [19] 

 
The voltage vr at the common coupling point ‘CCP’ is 
regulated by controlling the exchange of reactive power 
between the STATCOM and the power grid. For this 
purpose, a PI controller generates a reference signal i*

shq for 
the reactive current component of the STATCOM, (Fig.4). 
 

Application to the PV source 
The grid connection of the PV source is controlled using 

the sliding mode as in Fig.5. 
As we have to control two variables (iq and vdc), two 

sliding surfaces are required, as follows:  
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Then, by combining equation (10) with (32) to (35), we 
obtain:  
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Lyapunov's stability is verified by the following equation: 
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Where, k11, k12, k21 and k22 are positive constants. 
Combining equations (36) and (39) gives: 
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Thus, we obtain the following expression for the u 
command: 
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Finally, the u command is defined by the following 
terms: 

 The equivalent order terms ueq3 and ueq4: 
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 The correction terms uc3 and uc4: 
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Simulations and results analysis 
Simulations 

Fig.6 presents a single-line diagram of the power 
network used to validate the operation of the proposed 
STATCOM and PV source. 
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Fig.6. 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 three loads (L1, L2, and L3) at the load bus bar " r ". 
The Tsh and T transformers reduce the voltage from 400 kV 
(grid voltage) to 20 kV (STATCOM and PV output voltages). 

The simulations are carried out in per unit system with 
base values of SB = 1000 MVA and UB = 400 kV, while the 
voltage of the generator bus bar is VS = 1.0 pu. The loads 
(L1, L2, and L3) are connected to the busbar " r " during the 
three intervals shown in Table 2. 

 
Table 2. Load variation 

Time(s) 0s to 0.5s 0.5s to 1s 1s to 1.5s 1.5s to 2s 

Load L1 L1 + L2 L1 + L2 + L3 L3 

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 and Q3L = 0.01 pu. 

 
Results analysis 
STATCOM connection without the PV source 

Fig.7 shows the voltages Vr and Vs before and after 
compensation.  
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Fig.7. Source and load voltages (Vs and Vr) before and after 
compensation 

The connection of the inductive load before 
compensation at t = 0.5 s (Fig.7.a), causes a voltage drop in 
both vr and vs. At time t = 1 s, the capacitive load connection 
L3 reduces this voltage drop. Finally, disconnecting all 

inductive loads at t = 1.5 s resulted in capacitive load flow, 
inducing an overvoltage both at vr and vs. After 
compensation (Fig.7.b), the voltage vr is well regulated at its 
nominal value of 1.0 pu, also a favorable effect is observed 
on the voltage vs, which approaches its nominal value. 

In Fig.8, the exchanged reactive power between the 
STATCOM and the grid is shown: In inductive mode, the 
STATCOM injects different quantities of reactive power to 
raise the voltage vr to 1.0 pu (Qsh ≈  0.45 pu for 0 < t < 0.5 s, 
Qsh ≈  0.91 pu for 0.5 s < t < 1 s, and Qsh ≈  0.76 pu for         
1 s < t < 1.5 s). In capacitive mode, the STATCOM absorbs 
reactive energy from the network to keep the voltage profile 
vr constant, (Qsh ≈  - 0.25 pu for 1.5 s < t < 2 s). Note that 
there is no exchange of active power. 
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Fig.8. STATCOM Active and reactive power Psh  and Qsh 
 
Fig.9. shows the phase shift between the voltage and 

current of the source (vsa and isa) before and after 
compensation. It appears clearly that after compensation, 
vsa and isa are in phase; indicating that there is no transit of 
reactive power between the source and the load. 
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Fig.9. Phase shift between grid voltage vs and grid current is before 
and after compensation 

Overall, the hybrid (PI-SMC) control strategy is much 
more effective than classical PI control strategy as it gives 
faster dynamics with less oscillation and better grid power 
quality [13], [19].  

 
Effect of the PV source on STATCOM operation 

We present briefly the simulation results of the control of 
both the DC bus voltage vdc to get the MPP and the power 
factor at the inverter output at a wanted value (the max 
value is the unity and corresponds to iq = 0). Two 
perturbations are considered: 

 Irradiation change from G = 1 kW/m² to 0.6 kW/m², 
between t = 0.6 s and t = 0.8 s. 

 Temperature change from T = 25 °C to 50 °C, 
between t = 1.6 s and t = 1.8 s. 

In Fig.10, the output voltage of the PV source is clearly 
shown to follow its reference identified by the MPPT-P&O 
algorithm and converges towards the maximum power point 
corresponding to (vdc = 32 kV, Ipv = 1.3 kA, and Ppv = 41.6 
MW) after a very short transient of about 0.15 s. The effect 
of atmospheric changes is also highlighted: 

 The positive effect of the increase in illumination. 
 The negative effect of the increase in temperature. 
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On the other hand, the iq component is held at its zero-
reference value (corresponding to a unit power factor).  
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Fig.10. The PV-SMC Performances 

In the following application, we consider the load voltage 
vr after compensation in the presence of the photovoltaic 
source connected 5 km away from the load (Fig.6). Figure 
11 shows that vr is well regulated at its reference value (vr 

≈1.0 pu) with and without the PV source. Thus, the PV 
system has practically no effect on STATCOM 
performance.  
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Fig.11. Voltage vr 

after compensation with and without the PV 
source 

In order to highlight the power Ppv generated by the PV 
source under ambient atmospheric conditions (T = 25°C 
and G = 1 kW/m2), we show in Fig.12 the active power 
transit through the grid. The active power absorbed by the 
load (Pr) is equal to the sum of the powers injected by the 
two sources: the vs source (Ps) and the PV source (Ppv).  
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Fig.12. Active power  

To see the influence of the atmospheric disturbances on 
the operation of the STATCOM, we compare in Fig. 13 
between the shapes of the voltage vr (with the same load 
profile of Fig.11) in the presence of the PV source with and 
without atmospheric disturbances (with the same 
atmospheric changes of Fig.10); the STATCOM is not 
affected and works regularly. 

0 0.5 1 1.5 2
0,95

0,98

1

1,02

1,05

Time (s)

V
ol

ta
ge

 v
r (

pu
)

 

v
r
 without disturbance

v
r
 with disturbance

 
Fig.13. Voltage vr 

after compensation with connected PV source 
with and without atmospheric disturbances 

Conclusion 
First, we highlighted the detrimental effect of reactive 

power flow on the voltage of the load bus bar. Then, the use 
of the STATCOM allowed adjusting for reactive power and 
keeping the voltage at its nominal value with a very fast 
dynamic and good power quality. 

Secondly, we investigated the insertion effect of a 
decentralized source (PV source) on the operation of the 
STATCOM. Thanks to its active power contribution, this 
decentralized source has relieved the grid. Furthermore, it 
has practically no effect on the operation performance of 
the STATCOM, which keeps unaffected performance. 
Finally, we conclude that our control (PI-SMC) is robust with 
respect to the penetration of the decentralized source (PV) 
into the electrical network. 
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