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Abstract This paper proposes a decentralized control strategy for higher penetration of 

photovoltaic (PV) units without violating system operating constraints. A systematic 

procedure is developed and a robust controller is designed to ensure both dynamic 

voltage and transient stability for a specific PV integration level. The change in the 

model due to the volatile nature of PV generations is considered as an uncertain term in 

the design algorithm. Simultaneous output-feedback linear quadratic controllers are 

designed for PV generators. This designed control scheme is robust with respect to 

intermittency and enhances the integration level in a sub-transmission and distributed 

system. The effectiveness of the proposed controller is verified on a 43-bus industrial 

meshed distribution system under large disturbances. It is found that the designed 

control scheme enhances stability and increases the renewable integration levels.  
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1. Nomenclature 

PV  Photovoltaic 

DG  Distributed generation 

PI  Proportional integral 

ION  Dark diode characteristics of photocells 

IL  Light-generated current  

Lpv, Cpv  Wiring inductance and capacitance of PV 

Is  Saturation current  

Rs, Rsh  Series and shunt resistances 

α  Firing angle of PWM scheme  

K   Amplitude modulation index 

ipv   Current flowing through array 

vpv   Output voltage of array 

Rdc,, Ldc,, Cdc  Resistance, reactance and capacitance of DC-link  

idc  Current flowing through DC-link 

Rout, Lout Resistance and reactance of line connected to grid 

iout  Current flowing through line connected to grid 

q  Charge of electron 

T  Temperature 

x   State vector 

u  Control input 

y  Measured output 

ζ   Uncertainty output 
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ξ  Uncertainty input 

A, B, C, D System matrices 

 ,   Free parameters 

 

2. Introduction  

 

               The installed capacity of distributed generation (DG) using a wide range of 

technologies is expected to continue to increase over the coming years [1, 2]. The 

technologies of DG include PV generators, wind turbines, small hydro turbines, 

combined heat and power (CHP) units and fuel cells. Due to this wide variety of 

technologies, the integration of small, decentralized power generators into medium and 

low-voltage power grids brings technical challenges which have to be resolved in order 

to obtain benefits from the interconnection of wide-scale DG units to existing grids. Of 

the existing DG units, PV is becoming increasingly attractive in certain countries due to 

the availability of resources and environmental benefits [3]. PV systems are connected 

primarily to the power systems at sub-transmission voltage levels; however, it is 

expected they will be increasingly connected to distribution networks in near future [4]. 

The large-scale integration of PV generators into sub-transmission and distribution grids 

can have a significant impact on a power system’s operation and stability [5, 6]. 

        It is well known that a sudden change in sunlight can initiate a rapid disconnection 

or reduction in a PV generating capacity. As the penetration of PV schemes increases, 

this can lead to a problem of voltage variation and transient voltage instability in the 

case of a weak coupling with the grid [6]. The large-scale penetration of PV units also 

has an impact on the short-term voltage and transient stability of a system, which is not 

only restricted to the distribution network but begins to influence the whole system [7]. 
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Therefore, it is significantly important to control the output power to ensure stability 

and security. The implementation of appropriate controls for PV units can improve the 

system’s performance without violating network constraints and can facilitate the 

effective participation of PV penetration. 

         Different control systems for accommodating PV units in a network are currently 

being investigated. The optimum power flow technique has been used for distribution 

systems with a few DG units [8], [9]. A new voltage control procedure that includes a 

series reactor is proposed in [10]. The authors in [11] present a frequency control for 

smoothing the PV power output fluctuation using fuzzy logic control. Another droop 

control approach for frequency control using a capacitor is discussed in [12]. Most of 

these approaches use centralized control techniques, which need the global transmission 

of signals. However, this type of control is expensive for a geographically dispersed 

distributed system, which makes it difficult to ensure the resulting system is robust [13]. 

      In a distributed system, decentralized control modes, such as maximum power point 

tracking control [14], voltage and frequency control [15, 16] and feeder power flow 

control [17, 18], are applied. However, the fact that such a controller cannot stabilize a 

system for severe large disturbances motivates the use of advanced control techniques, 

which consider nonlinear interactions and ensure stability under large disturbances [19, 

20].  

         This paper presents a new decentralized controller for robust PV integration that 

ensures stability during large disturbances and large swings in PV outputs without 

violating grid codes and system constraints. In the system model, changes in PV outputs 

are considered with uncertainty and the controller is synthesized via optimization of the 

worst-case quadratic performance of the underlying uncertain system. In addition, the 
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interconnection effects of other PV systems are considered in the controller design, 

which enhance the robustness of the closed loop system. The designed controller 

guarantees stability under changing conditions as compared to, for example, most PI 

controllers which are tuned for a few operating conditions and then tested using 

simulations. 

           The organization of this paper is as follows: the notation and symbols used 

throughout it are listed in Section 1, and Section 2 explains the motivation and current 

state-of-the-art approaches to the control of PV units. Section 3 provides the 

mathematical modeling of a distribution system, including PV generators. The test 

system and control objectives are presented in Section 4. Section 5 describes the 

decentralized output-feedback controller design procedure and Section 6 depicts the 

control design algorithm. The performance of the controller is demonstrated through a 

series of nonlinear simulations and the results are presented in Section 7. Concluding 

remarks and suggestions for future work are given in Section 8. 

3. System modelling 

           As shown in Figure 1 PV plants have mainly two parts, (i) solar conversion and 

(ii) electrical interface with the electrical network (power electronic converter). The 

power converters are supplied from PV sources that convert the sun irradiance energy to 

DC power. A PV array system i s  connected to the grid through a DC-DC converter 

and a DC-AC inverter. A DC-DC converter serves the purpose of transferring maximum 

power from the solar module to the load.  The equivalent model of a grid-connected PV 

system [21, 22] consisting of several switching elements is shown in Figure 2. As it is 

very difficult to fully model a PV system for stability analysis, due to the nonlinear 

nature of the switching schemes, ideal switching devices are considered here [23]. A 
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step-up transformer with a turns- ratio (N) is connected to increase the voltage level 

of t h e  PV array. Although the output of the inverter is not purely sinusoidal, it is 

considered to be sinusoidal in [24].  

<Figure 1> 

Figure 1. PV system connected to grid. 

The equivalent circuit, with the approximations previously mentioned, is shown in 

Figure 3 in which IL is the light-generated current, ION  the dark diode characteristics 

of the photocells, Lpv and Cpv  the wiring inductance  and capacitance of the PV cells, 

respectively, Is  = 9 × 10−11     the saturation  current,  Rs  and  Rsh  the  series  and  

shunt resistances of the array, respectively, δ the firing angle, K the amplitude 

modulation index of the  pul se -width  modu la t ion  ( PWM) scheme, ipv   the 

current flowing through the array, vpv    the output voltage of the array,  Rdc the 

resistance of,  Ldc the  reactance  of, Cdc  the capacitance of, idc  the current flowing 

through and, vdc the output voltage of the DC link, Rout  and Lout the resistance and 

reactance of the line connected to the grid, respectively, iout  the current flowing through 

the line connected to the grid, and vg = Vg cos(ωt ) the AC voltage of the grid where Vg   

is the  magnitude of vg..  

<Figure 2> 

Figure 2. Equivalent model of grid-connected PV system. 

<Figure 3> 

Figure 3. Equivalent circuit diagram of grid-connected PV system. 

Now, by applying KCL in the PV terminals, we get: 

0]1)]([exp[ 



 pv

sh

pv

pvpvspv
pv

pvpvspvSL i
R

dt

di
LiRv

dt

di
LiRvII    (1) 
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where
nskT

q
 , 123103807.1  JKk  is the Boltzmann’s constant, 

Cq 19106022.1   the charge of electron, T=298 K the temperature and ns the number 

of series cells in the PV array. Since the values of Lpv and 1/Rsh are very small, we can 

neglect the terms (Lpv/Rsh) and (dipv/dt) in the above equation and write: 

  )(
1

)ln(
1

pvspv

pvs

sh

pvspv

pvL

pv

pv
iRv

LI

R

iRv
iI

Ldt

di








                                     (2) 

Then, by applying KCL at the PV capacitor, we get: 

][
1

dcpv

pv

pv
Nii

Cdt

dv
                                                                                     (3) 

In a similar way, KCL at the DC link results in: 

][
1

dcdcdcpv

dc

dc viRNv
Ldt

di
                                                                         (4) 

The DC link voltage dynamics can be given based on the principle of power balance 

PPvC
dt

d
pvdcdc )

2

1
( 2

                                                                                    (5) 

                                                                                                                                                                                             

where  ,)(
2

3
tqtqtdtd ivivP  ),,,( TGvfP dcpv 

k
vdc is 0.5 for carrier based sinusoidal PWM [24]. 

Finally, the average model of the voltage source converter (VSC) as shown in Figure 2 

is given 

acdc PP                                                                                                              (6) 

4. Test system and control strategy 

 

          A 43-bus industrial meshed system is used in this paper [25]. A single-line 

diagram of it is shown in Figure 4 and the numerical values of its parameters are given 

,tqvdcdctq mkvv ,tdvdcdctd mkvv 
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in Appendix I. The PV generators are connected at buses 4, 50 and 39.  There are five 

different voltages levels in this test distribution system: 69kV, 13.8kV, 4.16kV, 2.4kV 

and 0.48kV. In the original system, the two plant generators at buses 4 and 50 supply 

87% of the real power load, with the remainder coming from the main grid through the 

substation located at bus 100. This is a meshed distribution system with a total load of 

21.76 MW and 9 MVAr which is made up of (i) an 80% induction motor load [20] and 

(ii) a 20% static load. The dynamic model of induction motors as given in [20] is used 

for simulations. To study this, the test system is stressed by increasing both the 

generation and the load demand to twice that given in [25].  

<Figure 4> 

Figure 4. Single-line diagram of 43-bus test distribution system. 

The test system considered in the research work is divided into three subsystems based on 

the coherent groups (generators swing together) of generating units: (i) Bus 4, PV system 1, 

(ii) Bus 50, PV system 2 and (iii) Bus 39, PV system 3. In this paper, a decentralized control 

for the inverter to enhance PV integration into the grid is designed. The proposed inverter 

control strategy is shown in Figure 5.  In the voltage control mode of PV, P and Q are 

controlled by the amplitude of the VSC terminal voltage. The error signals Prefi-Pi and Qrefi-

Qi are fed to the controller which produces d- and q-axis components of the VSC terminal 

voltage. These two signals are then divided by the VSC amplification gain kvdcvdc to generate 

mtd and mtq for the pulse width modulation (PWM). Real power reference for the proposed 

control is determined by the maximum power point control [23] and reactive power 

reference from the steady state solution and then the designed control is used to regulate Prefi  

and Qrefi. The measured feedback signal as shown in Figure 5 for the controller is yi=[Pi   Qi] 

and control input ui=[mtdi   mtqi]. 
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<Figure 5> 

Figure 5. Control strategy for PV. 

5. Problem formulation 

 

           The power system model used in this paper is described by the following large-

scale system comprising N subsystems denoted by Si, i=1,2, . . .N  [26-28]: 

 

)()()()()(: trLtEtuBtxAtxS iiiiixii    [7] 

)()()( tDtxCtz iixii   [8] 

)()()( tuHtxGt iixii   [9] 

)()()( tDtxCty iyixyii   [10] 

 

where ni

i Rx    is the state vector, mi

i Ru   the control input, pi

i R   the perturbation, 

hi

i R   the uncertainty output, qi

i Rz    the controlled output, gi

i Ry   the measured 

output, and the input ri  describes the effect of the other subsystems (S1, . . . , Si-1, si+1, . . 

. , SN)  on subsystem Si. The structure of this system is shown in Figure 6. For each 

subsystem chosen in this paper: T

dcidcipvipvii vivix ][
, 

T

tqitdii mmu ][
 and 

][ gigiii QPzy 
.
 

<Figure 6> 

Figure 6. Block diagram of decentralized control. 

Equations (7) to (10) represent a generic interconnected uncertain system in which each 

subsystem is affected by two types of uncertainties, one local and other due to system 

interconnections.. In this paper, the local uncertainties arise from the change in the 

linearized subsystem model due to the changes in solar generation levels. Such 
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dynamics is driven by the uncertainty output (
i ) of subsystem Si. A second source of 

uncertainty arises from interactions among the subsystems of the large-scale system. 

The proposed decentralised robust controller design includes interconnection terms as 

modelling uncertainty.  

        In the design process three common assumptions are made: (i) 0 i

T

ii

T

i GGDD  

and 0T

yiyi DD ; (ii) the pair ),( i

T

ii CCA  is observable; and (iii) the pair ),( i

T

ii BBA  is 

able to be stabilized. It can be easily verified that the system under consideration 

satisfied these assumptions. 

We define 
iii    and 

iijir   where 
i  and 

ij  are the uncertain gain matrices. 

The uncertainty and interconnection must satisfy the following condition: 

ii  
2

and .
2

iir   (11) 

Associated with the uncertain systems (7) to (10), we consider a cost function of the 

form: 

dttz
N

i

i 



0

1

)(

                                                                                                              (12) 

The minimax output-feedback controller designed in this paper minimizes the cost in 

equation (12) subject to the bounds in equation (11) on the local uncertainty and 

interconnections, ii  
2

. In this paper measured output and the controlled variable 

are the same, i.e., yi=zi. 

    The minimax optimal control finds the controller which minimizes the above cost 

function over all admissible uncertainties which satisfy the following relationship: 

0

1

0
0

1,...1,

][)( infsupinf iiiiii

N

i

T

i

N

i

i
Niu

xMMXxdttz
i

   






 (13) 
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where ]......[ 00 Ni xx
 
is the initial condition vector,   a set of all admissible uncertainties 

and   a set of interconnection inputs, },},{{ 2

1

NN

iii R   a set of vectors, and 

0iM  and 0iM  two positive definite symmetrical matrices. Matrices Xi and Yi are 

the solutions to the following pair of parameter-dependent coupled algebraic equations 

[26]: 

0][ 1

22  

i

T

iyii

T

yii

T

iiiiii

T

i CCCWCYBBYAYYA , (14) 

0][ 22

1  

i

T

ii

T

iiiii

T

iiii

T

i XBBBRBXCCAXXA , (15) 

where
i

T

ii DDR  , T

yiyii DDW   and 



N

inn

ni

,1

 ,
  















iii

i

i

H

C
C

2/1


,  

  














iii

i

i

G

D
D

2/1


,  iiiii LEB 2/12/1

2

  ,   02/1

yiiyi DD   . These solutions are 

required to satisfy the following conditions:  

0i , 0i , 0iX , 0iY  and 
ii XY  . 

Then, the controller is designed using the following equations [26]: 

 ])([][}][{ 11

22

1

ciyiii

T

yiiicii

T

ii

T

iiiici xCtyWCXYxXBBBRBAx  
,
 (16) 

cii

T

iii xXBRu 1
.
 (17) 

6. Proposed control algorithm 

 

             In this paper, a controller, which can accommodate PV units, ensure dynamic 

stability and provide the required steady-state voltage is designed. As mentioned earlier, 

the test system is divided into three subsystems and a controller is designed for each 

subsystem, the structure of which is shown in Figure 6 and the control design algorithm 

is implemented in the following steps. 
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Step 1: Solve the base case power flow and monitor bus voltages. 

Step 2: Linearize the complete dynamic system about the equilibrium point. One part of 

the dynamic system consists of the states of the devices in the subsystem (xi) and the 

other the rest of the states (ri); the matrices Ai and Li are appropriately chosen from the 

complete linearized model equations; the other matrices determined in the problem 

formulations in Section 5 correspond to the control input, measured output and control 

variable. 

Step 3: Increase the generation profile, perform a power flow and check the bus voltage 

again; if the bus voltages are within the statutory limit (±10% of the nominal voltage), 

go to the next step, otherwise go to step 10. 

Step 4: Obtain the uncertain matrix (Ei) taking the difference between the matrices of 

subsystem Ai for the nominal and increased generations. 

Step 5: Solve the optimization problem using the line search technique for the positive 

values of 
i  and 

i  with a proper initialization. 

Step 6: Substitute the values of 
i  and 

i  and solve the Riccati equations (14) and (15). 

Step 7: Design the controller according to equations (16) and (17); if a feasible 

controller is obtained, go to the next step, otherwise go to step 10. 

Step 8: Perform a time-domain simulation and evaluate the controller’s performance for 

the worst-case scenario. 

Step 9: If the controller satisfies both the static and dynamic constraints, go to step 3, 

otherwise go to step 10. 

Step 10: Stop and specify the upper level of PV integration. 
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7. Controller performance evaluation 

 

           The performance of the designed robust controller is verified for a meshed 

system as shown in Figure 4 with three PV generators. Each PV generator consists of a 

number of PV arrays depending on its rating. A PV array consists of 150 strings 

connected in parallel,  each string is characterized by a rated current of 2.8735 A. Each 

string is subdivided into 54 modules, characterized by a rated voltage of 43.5 V and 

connected in series. Thus, the total output voltage of the PV array is 2349 V and output 

current is 431 A. The value of the DC link capacitor is 5000 μF and the nominal voltage 

is 1582 V. Solar irradiance is constant at 1.0 kW/m
2
. The parameter of the PV system is 

given in Appendix-I. As, generally, the output voltage of a  PV module is low, at 

first a  DC-AC converter is used to convert the output  of  the PV  array  into  AC  

which is then  stepped  up through a transformer. The PV generator is connected to the 

grid through a low-pass filter and an isolation transformer [23]. A built-in transformer is 

generally included in the PV system to adapt the VSC AC side terminal voltage to the 

nominal PCC voltage which is known as an isolation transformer. Next the performance 

of the designed controller is discussed. 

 

The upper levels of DG penetration using the abovementioned procedure are given in 

Table I. The output power of each generator is increased simultaneously in order to 

determine these upper levels.  Figure 7 shows the movement of the critical mode with 

the increment of the PV level for the open loop system. The critical modes are defined 

as the eigenvalues closest to the imaginary axis with the minimum damping that 

contribute most to the transient behavior. Critical modes are calculated from 

eigenvalues and participation factors through modal analysis.  From Figure 7 it is clear 
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that the critical mode moves to the right-half plane and thereby reduces damping which 

motivates for the design of the robust controller. To assess the performance of the 

designed controller, the integration level using a properly tuned PI controller [29] is also 

determined. The PI parameters obtained from the Ziegler Nichols method are KP=1.6 

and KI=0.4 for P control and KP=0.6 and KI=1.25 for Q control. From Table I, it is clear 

that the designed controller can accommodate more PV units than the conventional PI 

controller; for example, at bus 50, the integration level can be enhanced by 13.63% 

using the robust controller. The upper level is determined based on the grid codes [19], 

i.e., the steady-state voltage remains within ±10% of the nominal voltage, the transient 

voltage restores within 2 s and the minimum damping of the critical mode is 5%. 

<Figure 7> 

Figure 7. Movement of the critical mode with the increment of PV level. 

 

       To verify the robustness of the designed controller, a number of cases are 

investigated in which its performances are compared with those of the PI controller 

under different operating conditions of (i) a sudden change in generation, (ii) a three-

phase fault and (iii) a permanent change in the connected load. 

Firstly, the controller’s performance is verified using a sudden temporary change in 

generation. Figures 8 and 9 show the real power output and terminal voltage responses 

of PV1 for a sudden 20% change in the real power output. It is clear that, although both 

controllers ensure stable operation, the designed controller provides better performances 

in terms of damping, oscillations and settling time. Its real power and voltage restore to 

their pre-fault values within 0.5 s compared with 6 s for the PI controller.  
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<Figure 8> 

Figure 8. Real power of PV1  for sudden change in generation. 

<Figure 9> 

Figure 9. Terminal voltage of PV1 for sudden change in generation. 

 

 

The performance of the controller is also verified under a three-phase fault. A 

symmetrical three-phase fault is applied on bus 31 at 1 s and cleared after 0.2 s. Figures 

10 and 11 show the output power and terminal voltage responses of the PV using both 

the proposed robust and conventional controllers from which it is clear that the tuned PI 

(Ziegler-Nichols method) control produces oscillatory behaviors. However, the robust 

performance of the designed controller ensures that grid standards and utility 

requirements are maintained.  

 

<Figure 10> 

Figure 10. Real power of PV3 for three-phase fault. 

 

<Figure 11> 

Figure 11. Terminal voltage of PV3  for three-phase fault. 

 

 

Finally, the robustness of the controller is tested under different operating conditions. 

Although the proposed controller is designed for rated operating conditions, it performs 

well under different loading conditions. This is due to the incorporation of uncertainties 

in its design and the proposed control algorithm ensuring stability as long as condition 

(11) holds. Figures 12 and 13 show the PCC voltage and real power output due to the 

10% increase in load from which it is clear that the controller stabilizes the system at 

different equilibrium points. 
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<Figure 12> 

Figure 12. Real power output of PV1  due to 10% change in load. 

<Figure 13> 

Figure 13. Voltage of PV1 due to 10% change in load. 

 

8. Conclusion 

 

                    A systematic robust control methodology for integrating intermittent 

renewable generation into existing grids is presented in this paper. Control strategies for 

PV generators are discussed in detail. The proposed controller ensures stability in the 

presence of generation uncertainty, interconnection effects and weakly coupled 

generators with low inertia. The simulation results show that the proposed robust 

control method can augment the potential penetration of PV units without requiring 

network reinforcements or violating system operating constraints. Also, the proposed 

algorithm can be applied to a distribution network with different types of DG units, for 

example, solar, wind, hydro and CHP. The future aim of this work is to implement the 

proposed control technique in the laboratory and design coordinate controllers for PV 

systems. 
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Appendix-I 

Base MVA: 10MVA 

Bus Data Line Data 

Bus 

Numb

er 

Load 

MW 

Load 

MVAr 

Base kV Bus to 

Bus 

Section 

Resistanc

e (p.u.) 

Section 

Reactanc

e 

(p.u.) 

Section 

Suscepta

nce 

(p.u.) 

1 0 0 69 3-9 0.00150 0.00125 0.0 

2 0 0 69 9-25 0.00424 0.00353 0.0 

3 0 0 13.8 9-13 0.00017 0.00014 0.0 

4 0 0 13.8 9-12 0.00038 0.00032 0.0 

5 0 0 13.8 3-5 0.00075 0.00063 0.0 

6 0 0 13.8 3-26 0.00157 0.00131 0.0 

7 0 0 13.8 3-6 0.00109 0.00091 0.0 

8 6.361 0 13.8 4-15 0.00227 0.00189 0.0 

9 0 0 0.48 4-7 0.00000 0.00010 0.0 

10 0 0 13.8 7-27 0.00143 0.00119 0.0 

11 0.353 0.200 2.4 7-16 0.00275 0.00229 0.0 

12 0 0 13.8 10-13 0.00046 0.00039 0.0 

13 0 0 13.8 10-12 0.00002 0.00002 0.0 

15 0 0 13.8 10-27 0.00110 0.00091 0.0 

16 0 0 13.8 4-8 0.00076 0.00092 0.0 

17 0.831 0.521 0.48 4-24 0.00118 0.00098 0.0 

18 0.831 0.521 0.48 24-31 0.00079 0.00065 0.0 

19 2.650 1.502 2.4 24-32 0.00112 0.00093 0.0 

20 2.650 1.502 2.4 28-38 0.03039 0.02929 0.0 

21 0.421 0.283 0.48 33-28 0.03813 0.02450 0.0 

22 0.084 0.057 0.48 29-38 0.04012 0.03866 0.0 

23 0.084 0.057 0.48 34-29 0.03813 0.02450 0.0 

24 0 0 0.48 38-30 0.06079 0.05858 0.0 

25 0 0 13.8 35-30 0.03813 0.02450 0.0 

26 0 0 13.8 22-17 0.03813 0.02450 0.0 

27 0 0 13.8 23-18 0.03813 0.02450 0.0 

28 0.578 0.351 0.48 50-3 0.00122 0.00243 0.0 

29 0.703 0.426 0.48 100-1 0.00139 0.00296 0.00480 

30 0.563 0.349 0.48 100-2 0.00139 0.00296 0.00480 

31 0 0 13.8 28-41 0.03429 0.02094 0.0 

37 0.663 0.394 0.48     

38 0 0 0.48     

39 1.237 0.701 4.16     

41 0.150 0.049 0.48     

49 0.963 0.520 0.48     
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50 0 0 13.8     

51 0.478 0.307 0.48     

100 0 0 69     

 

 

Bus to 

Bus 

Resistan

ce (p.u.) 

Reactance 

(p.u.) 

kVA %Z X/R 

ratio 

kV Ratio 

1-3 0.00313 0.05324 15000 8.00 17.00 69/13.8 

2-4 0.00313 0.05324 15000 8.00 17.00 69/13.8 

5-39 0.04314 0.34514 1725 6.00 8.00 13.8/4.16 

6-11 0.05575 0.36240 1500 5.50 6.50 13.8/2.4 

12-17 0.06843 0.44477 1500 6.75 6.50 13.8/0.48 

13-18 0.05829 0.37888 1500 5.75 6.50 13.8/0.48 

6-19 0.01218 0.14616 3750 5.50 12.00 13.8/2.4 

15-20 0.01218 0.14616 3750 5.50 12.00 13.8/2.4 

16-21 0.15036 0.75178 750 5.75 5.00 13.8/0.48 

25-28 0.05829 0.37888 1500 5.75 6.50 13.8/0.48 

26-29 0.05829 0.37888 1500 5.75 6.50 13.8/0.48 

27-30 0.05829 0.37888 1500 5.75 6.50 13.8/0.48 

31-36 0.02289 0.22886 2500 5.75 10.00 13.8/2.4 

32-37 0.10286 0.56573 1000 5.75 5.50 13.8/0.48 

5-49 0.05918 0.35510 1250 4.50 6.00 13.8/0.48 

50-51 0.06391 0.37797 1500 5.75 5.91 13.8/0.48 

 

 

PV System Data 

Number of PV cells per module 54 Voltage temperature coefficient -0.1 V/K 

Number of parallel modules in 

each row 

150 Current temperature coefficient 0.003 

A/K 

Module current rating 2.8735 A Diode ideality factor 1.3 

Module voltage rating 43.5 V VSC switching frequency 3060 Hz 

DC-link capacitor 5000 µF On-resistance of VSC valves 1 mΩ 

Inductance of filter 100 µH Capacitance of filter 369 µF 
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Tables 

TABLE I: PENETRATION LEVELS (MW) 

 

Control Bus 4 

PV1 

Bus 50 

PV2 

Bus 39 

PV3 

PI 15.25 14.85 18.15 

Robust 16.75 17.25 19.65 
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Figure 1. PV system connected to grid 
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Figure 2. Equivalent model of grid-connected PV system. 
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Figure 3. Equivalent circuit diagram of grid-connected PV system 
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Figure 4. Single-line diagram of 43-bus test distribution system 
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Figure 5. Control strategy for PV 
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Figure 6. Block diagram of decentralized control 
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Figure 7. Movement of the critical mode with the increment of PV level 

 

Figure 8. Real power of PV1 for sudden change in generation. 
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Figure 9. Terminal voltage of PV1 for sudden change in generation. 

 

Figure 10. Real power of PV3 for three-phase fault. 
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Figure 11. Terminal voltage of PV3 for three-phase fault. 

Figure 12. Real power output of PV1 due to 10% change in load. 
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Figure 13. Voltage output of PV1 due to 10% change in load. 
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