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 In this research, a sensor free DC-link voltage controller based 

multifunctional inverter is proposed for a two-stage three-phase grid-

connected solar photovoltaic (PV) system. First, the proposed scheme 

consists of an outer voltage controller requiring DC-link voltage knowledge, 

has the ability to manage power-sharing between the PV system and the 

utility grid, and second, has the ability of the VSI to act as a compensator for 

harmonics in the grid current polluted by non-linear loads. The suggested 

active power controlling grid reference current signal scheme replaces the 

standard controller, requiring the high voltage sensor to sense DC-link 

voltage, which is pricey, increasing the hardware complexity and reducing 

reliability. The performance of the proposed active power management 

approach is comparable to that of a conventional voltage sensor-based 

voltage controller. The effectiveness of the proposed method for two stage 

three-phase grid-connected solar PV system under fixed and variable 

irradiance feeding nonlinear loads is rigorously verified using 

MATLAB/Simulink software. 
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1. INTRODUCTION  

Nowadays, the demand for electrical power across the globe is increasing at an alarming rate. The 

availability of non-renewable sources of energy is depleting rapidly has increased the electric utilities’ 

concern regarding the need to develop alternative, renewable, and sustainable sources of energy [1], [2]. 

Among the RES, solar photovoltaic (PV) energy is a sustainable and clean way to produce electricity for 

humankind, which has attracted the attention and investment in the world recently and is one of the key 

elements in the proliferation of distributed energy generation (DEG) systems [3]. Furthermore, usage of a 

variety of nonlinear loads has increased by manifolds in the commercial and industrial sectors nowadays, has 

worsened the problem of non-sinusoidal currents into the electrical power network, which is adversely 

affecting the reliable operation and efficiency of the power system [4]−[9]. Therefore, improving the power 

quality (PQ) in the electrical distribution system has become an area of interest among researchers.This need 

has given rise to enhance PV generation system functionality. In addition to supplying appropriate active 

power into the grid or meet load demand, the system should also provide power quality conditioning [10].    

Attempts have been made in the past to solve utility PQ issues such as current harmonics, decline in 

point of interfacing (PoI) voltage, load unbalancing, and low power factor in electric distribution  

systems [11], [12]. To handle the PQ problems in distribution networks, the synchronous reference frame 

https://creativecommons.org/licenses/by-sa/4.0/
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theory (SRF) [13], IcosΦ [14], instantaneous symmetrical component theory [15], and instantaneous reactive 

power theory (IRPT) [16] based control algorithms have been discussed in depth.  

The study presented in Zakzouk et al. [17] proposes a decentralized control mechanism for the 

effective management of power flow from PV systems to the grid through a hybrid DC-DC converter for a 

three-phase system. A multifunctional inverter along with feeding power to grid from a solar PV system, 

based on direct power control methodology is addressed in [18] without using sensors for the converter. 

Bengourina et al. [19] presented a Kalman observer, to estimate the PV parameters like voltage and current, 

thus reducing the number of physical sensors and giving input to the MPPT algorithm [20], [21] to have the 

maximum power from PV. It is worth mentioning that in [22], a fixed value of grid voltage is used to 

generate the reference active current, which is not adaptable for any variation in voltage at POI.  Based on the 

paper [23], [24], decoupling capacitor DC voltage is estimated based on solar PV parameters and fixed grid 

voltage, whereas DC voltage estimation proposed in this paper using solar PV parameters and peak amplitude 

of the voltage at the point of interface between grid and load.  

To address the aforementioned PQ issues, VSI functioning as a harmonic compensator was 

introduced due to connected non-linear load. An active power current reference generation technique based 

on a synchronous reference frame (SRF) is employed in this system, pperforms power management in 

conjunction with grid as per the availability of power from solar PV. A DC-link voltage controller with the 

proposed DC voltage estimator eliminating the need of voltage sensor on DC side is suggested.The hardware 

complexity, such as sensor circuitry, signal conditioning circuit, cost, and size, is further reduced as a result. 

MATLAB/Simulink software was used to make the suggested controller, which was used to test the VSI’s 

multi functionality under various operating conditions for active power sharing and harmonic current 

compensation. 

 

 

2. SYSTEM DESCRIPTION  

The proposed two-stage grid-interfaced solar PV system is shown in Figure 1, and it is used to 

generate a power of 3.7 kW for simulation studies. It consists of a solar PV array, first-stage DC-DC boost 

converter, a decoupling capacitor, and a second-stage VSI connected to three-phase AC utility feeding a 

linear and/or nonlinear load. A decoupling capacitor connects the output of the boosted DC voltage to VSI. 

An interfacing inductor is used between PoI and VSI output terminals for smoothening the VSI current 

before feeding the load and/or grid. VSI currents are controlled and used to get the right amount of active 

power sharing and to get rid of the effects of harmonics in grid current. 
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Figure 1. Structure of two-stage three-phase grid integrated solar PV system 

 
 

2.1.  Selection of PV array 

To design a 3.7 kW system, the selected solar PV panel has a voltage (𝑉𝑚𝑝𝑝) of 29.3 V and current 

(𝐼𝑚𝑝𝑝) of 7.47 A at the maximum power point. For the proposed system, 17 panels are connected in series to 

form a solar PV array generating power of 3.7 kW. The perturb & observe (P&O)  based maximum power 

point tracking (MPPT) algorithm [20], [21] was used to track the PV array's maximum power point. In order to 
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reach the MPP, the reference voltage changes the duty cycle in response to the change in power. It also looks 

at how the PV array is pointed toward the MPPT. Solar PV array output power can be calculated by, 𝑃𝑚𝑝 =

𝑁𝑠 × 𝑉𝑚𝑝 × 𝑁𝑝 × 𝐼𝑚𝑝,  𝑃𝑚𝑝 = 17 × 29.3 × 1 × 7.47 = 3720𝑊. where, the number of panels connected in 

series is 𝑁𝑠 while the number of panels connected in parallel is pN  

 

2.2.  DC-DC boost converter 

A DC-DC boost converter consist of an inductor, a power switching device (MOSFET or IGBT) and 

a diode as shown in Figure 1. The pulse for the PWMb is generated such that maximum power is harnessed 

from the solar PV panel and minimum voltage Vdc is produced at the input of VSI. Selected solar PV panel 

has a voltage of 29.3 V at maximum power and 17 such panels connected in series producing a voltage of 

498 at the input port od DC-DC converter.  A duty ratio of 0.32 is considered [25] to produce a output voltage 

of Vdc =730 V, 𝑉𝑑𝑐 =
𝑉𝑖𝑛

1−𝐷
, where inV

is DC-DC converter input voltage is equal to PV array output voltage. 

 

2.3.  Selection of optimal DC-link voltage magnitude 

The magnitude of DC-link voltage at the input of VSI should be more than twice the peak of the 

per-phase voltage of the three-phase system and is calculated using the following mathematical relation [6]. 
 

𝑉𝑑𝑐 =
2√2𝑉𝐿𝐿

√3𝑚
 (1) 

 

Where, modulation index, 𝑚 is chosen as ‘1’ and 𝑉𝐿𝐿 is the grid line voltage, selected as 415 V. 

The minimum DC-link voltage magnitude can be computed as by (2).  

 

𝑉
𝑃𝑝𝑣

𝑆𝐹*𝐼𝑟𝑎𝑡𝑒𝑑𝑑𝑐𝑚𝑖𝑛
 (2) 

 

Where, SF is the safety factor and ratedI  is current for which system is designed. The DC-link reference 

voltage should be higher than the line voltage peak. The voltage of the adaptive DC-link is calculated as [19]. 

 

𝑉𝑑𝑐 = 𝛼√3𝑉𝑡 (3) 

 

Where,   is safety factor accounting the VSI switching losses, interfacing inductor resistance. 

For safety side,   is considered as 1.25. 
tv is maximum amplitude of voltage at PoI which is 

calculated as (4). 
 

𝑣𝑡 = √
2

3
(𝑣𝑠𝑎

2 + 𝑣𝑠𝑏
2 + 𝑣𝑠𝑐

2 ) (4) 

 

Where, 𝑣𝑠𝑎 , 𝑣𝑠𝑏 , and scv are grid phase voltages. To keep the safety margin, a DC-link voltage of 730 V is 

selected in the proposed system. 

 

 

3. METHOD 

3.1.  Model of grid-side converter system 

The grid-side VSI employs PWM and vector control approaches to generate the reference signal for 

the controller. If 𝑉𝑑𝑖𝑛𝑣  and 𝑉𝑞𝑖𝑛𝑣 are the components of the d-axis and q-axis of VSI output voltage in the d-q 

reference frame, and 𝑉𝑑𝑐 is DC-bus voltage. If the amplitude of a triangular wave in a PWM signal generator 

is 1V, the d and q axis voltage vectors required to generate gate signal are given by (7). 
 

𝑉𝑑_𝑛𝑜𝑚 = 𝑉𝑑𝑖𝑛𝑣
2

𝑉𝑑𝑐
 and 𝑉𝑞_𝑛𝑜𝑚 = 𝑉𝑞𝑖𝑛𝑣

2

𝑉𝑑𝑐
 (5) 

 

Therefore, the amplitude modulation ration of PWM generator is 𝑚𝑎 = √(𝑉𝑑_𝑛𝑜𝑚
2 + 𝑉𝑞_ 𝑛𝑜𝑚

2) and the peak 

phase voltage of VSI output can be extracted. 

 

𝑉𝑖𝑛𝑣 =
𝑚𝑎×𝑉𝑑𝑐

2
 (6) 
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An interface inductor connects the solar PV system to the electric grid. The relationship between the 

grid voltage and the converter output voltage in terms of current and grid filter parameters in the abc and dq 

axis reference frames has been defined in (9) and (10), respectively, using Kirchhoff's voltage law. The (9) 

indicates the voltage balancing across the grid filter. 
 

[

𝑣𝑎𝑖𝑛𝑣

𝑣𝑏𝑖𝑛𝑣

𝑣𝑐𝑖𝑛𝑣

] = 𝑅𝑓 [

𝑖𝑎

𝑖𝑏

𝑖𝑐

] + 𝐿𝑓
𝑑

𝑑𝑡
[

𝑖𝑎

𝑖𝑏

𝑖𝑐

] + [

𝑣𝑎𝑔

𝑣𝑏𝑔

𝑣𝑐𝑔

] (7) 

 

Transforming above equation in dq reference frame using Clark’s and Park’s transformation as (8). 
 

[
𝑣𝑑𝑖𝑛𝑣

𝑣𝑞𝑖𝑛𝑣
] = 𝑅𝑓 [

𝑖𝑑

𝑖𝑞
] + 𝐿𝑓

𝑑

𝑑𝑡
[
𝑖𝑑

𝑖𝑞
] + 𝜔𝑔𝐿𝑓 [

−𝑖𝑞

𝑖𝑑
] + [

𝑣𝑑𝑔

𝑣𝑞𝑔
] (8) 

 

Where 𝜔𝑔 is the angular frequency of the grid voltage. with space vectors theory, above equation (10) can be 

written as (11), 
 

�̄�𝑑𝑞𝑖𝑛𝑣 = 𝑅𝑓𝑖�̄�𝑞 + 𝐿𝑓
𝑑�̄�𝑑𝑞

𝑑𝑡
+ 𝑗𝜔𝑔𝐿𝑓𝑖̄𝑑𝑞 + �̄�𝑑𝑞𝑔  (9) 

 

where, �̄�𝑑𝑞𝑖𝑛𝑣, 𝑖̄𝑑𝑞 and �̄�𝑑𝑞𝑔 are the instantaneous converter voltage, line current and grid voltage space 

vectors respectively. Under the steady state, in the above equation derivative term becomes zero, hence can 

be re-written as, 
 

�̄�𝑑𝑞𝑖𝑛𝑣 = 𝑅𝑓𝑖�̄�𝑞 + 𝑗𝜔𝑔𝐿𝑓𝑖̄𝑑𝑞 + �̄�𝑑𝑞𝑔  (10) 
 

The q-component of the grid voltage is rendered zero by using the grid voltage phase angle as the reference 

phase angle for the dq transformation. As a result, the grid side converter dq- output voltage can be 

represented in the form of currents and grid voltage by using (13). 
 

𝑣𝑑𝑖𝑛𝑣 = 𝑅𝑓𝑖𝑑 + 𝐿𝑓
𝑑𝑖𝑑

𝑑𝑡
− 𝜔𝑔𝐿𝑓𝑖𝑞 + 𝑣𝑑𝑔  

𝑣𝑞𝑖𝑛𝑣 = 𝑅𝑓𝑖𝑞 + 𝐿𝑓
𝑑𝑖𝑞

𝑑𝑡
+ 𝜔𝑔𝐿𝑓𝑖𝑑 (13) 

 

Where,𝑣𝑑𝑔 represents the amplitude of the grid voltage. The above set of equations governs how the GISPV 

system is currently controlled (15). Second, as illustrated in Figure 2, the filter inductor current is fed back by 

the PI compensator. The utility is expected to be stiff. The output current reference generated controls 

commands for the active current that manages active power and, if desired, allows the reactive power 

coefficient to be set to zero. If reactive power control is desired in this system, a reactive power reference 

must be imposed on the system if the reactive power must be regulated. a d-axis current reference responsible 

for the amount of real active power supplied to the load and injected to the grid as per the availability of solar 

PV power generated. The desirable control objectives are as following:  

− Set the Vdc DC-link voltage to a specific value.  

− To design a reliable system to facilitate active power sharing between solar PV systems and the grid,  

− based on power availability and irradiance uncertainty. 

− Ensure that the grid current is sinusoidal and free of harmonics at all times. 
 

3.2.  DC-link voltage controllers 
The theoretical evolution given in [6] and [26] is taken into consideration in the transfer function of 

the DC-link voltage control loop. As a result, the DC-link voltage's open-loop transfer function can be 

presented as (14). 
 

𝐺𝑑𝑐(𝑠) =
𝑉𝑑𝑐

�̂�𝑑
=

3𝑣𝑑

2𝑠𝐶𝑉𝑑𝑐
  (14) 

 

Where, 𝑣𝑑 −represents the grid voltage amplitude in rotating reference d-frame, 𝑉𝑑𝑐 − is the DC-link 

voltage, and C − is the DC-link capacitance. Thus, the DC-link voltage controller for the three-phase system 

is represented by the block diagram as shown in Figure 3. Considering the DC-link voltage PI controller (PI), 

the open-loop and the closed-loop transfer functions can be represented, respectively, by (22) and (23). 

 

𝐺𝑑𝑐𝑂𝐿(𝑠) =
3(𝐾𝑝𝑑𝑐𝑣𝑑𝑠+𝐾𝑖𝑑𝑐𝑣𝑑)

2𝑠2𝐶𝑉𝑑𝑐
 (15) 
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𝐺𝑑𝑐𝐶𝐿(𝑠) =
𝑉𝑑𝑐(𝑠)

𝑉∗
𝑑𝑐(𝑠)

=
3𝐾𝑝𝑑𝑐𝑣𝑑𝑠+3𝐾𝑖𝑑𝑐𝑣𝑑

2𝑠2𝐶𝑉𝑑𝑐+3𝐾𝑝𝑑𝑐𝑣𝑑𝑠+3𝐾𝑖𝑑𝑐𝑣𝑑
 (16) 

 

Where, 𝐾𝑝𝑑𝑐  and 𝐾𝑖𝑑𝑐 are DC-link voltage controller gain values. 
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Figure 2. Conventional and proposed DC-link voltage controller 
 

 

3.3.  Active power controlling current signal generation 

As illustrated in [19], the reference DC-link voltage is calculated in (3). The DC-link voltage changes 

as the irradiance level changes. There is always need a sensor to acquire the knowledge of DC-link voltage 

input of the inverter. To track reference DC-link voltage value, the suggested approach does not require a 

physical voltage sensor to acquire the knowledge of the DC-link voltage. The net amplitude of the current is 

estimated as, 
 

𝐼𝑑𝑐𝑙𝑜𝑠𝑠 =
𝑃𝑠𝑜𝑙𝑎𝑟

𝑉𝑑𝑐
  (17) 

 

where, 𝑃𝑠𝑜𝑙𝑎𝑟  is the extracted maximum power from solar PV array calculated by measuring PV voltage and 

current. �̂�𝑑𝑐  is estimated using (3) and (4). Estimated value of DC link voltage depends upon the maximum 

amplitude of voltage at POI. This current dclossI is operated upon by a gain to adjust its value such that net 

current required to compensate for loss within VSI switches, grid interfacing inductor and, is fed to the 

current controller as shown in Figure 3. 
 

 

idc
vdc

k
k

s
+

3

2

d

dc

v

sCV

*ˆ ( )dcV s ˆ ( )dcV s

 
 

Figure 3. Basic structure of a DC-link voltage controller 
 
 

4. RESULTS AND DISCUSSION  

Table 1 shows the parameters employed in the proposed system employing two-stage grid-connected 

PV system. The controller's efficacy for a system utilizing a standard DC-link voltage controller is assessed 

using a rigorous MATLAB/Simulink simulation result. The performance of the DC-link voltage controller 

without a DC voltage sensor is also tested using the suggested approach. To validate the system performance, 

system is operated in the following modes, 
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− System performance during fixed irradiance feeding nonlinear load. 

− System performance during gradual and rapid varying irradiance. 

− System performance with the proposed DC-link controller without voltage sensor.  
 

4.1.  Case I: Performance of the system under static condition 

The suggested SRF-based control strategy to provide the active power demand of nonlinear loads 

under fixed irradiance conditions efficiently controls the functioning of PV supplied VSI, as shown in  

Figure 4. In the case under consideration for this study, load requires an active power of 8 kW in any given 

operational situation. While doing so, the nonlinear load generates an active power demand which is totally 

met by the utility grid only during the time interval t = 0.15 to 0.5 seconds. The PV system, on the other 

hand, begins injecting active electricity into the utility grid at t = 0.5 seconds. As a result, the entire load 

power demand is managed based on the DC-link terminal's active power availability (8-3.7= 4.3 kW) and the 

utility grid's active power availability. Figures 4(a) and 4(b) depicts inverter current waveform when only 

grid is feeding the load and load demand meet by grid and solar PV system, respectively. Load power 

demand shown in Figure 4(c) is 8 kW and Figure 4(d) the load power sharing in after 0.5 seconds is 3.7 kW 

supplied by PV and 4.3 kW by grid. In addition to achieving unity poor factor operation, a DC-link terminal 

voltage is kept close to the desired reference value, as shown in Figure 4(e).  
 
 

 

 

 
 

Figure 4. System Performance under static condition current: (a) inverter compensating current when PV is 

not connected, (b) inverter compensating current when PV is connected, (c) load power, (d) grid power and 

PV power waveform, and (e) DC-link voltage 
 

 

4.2.  Case II: Performance of the system under variable irradiance condition  

As demonstrated in Figure 5, the grid-tied PV system's functionality is confirmed for gradual and 

step changes in solar irradiation. The solar power generation increases with increasing irradiance (variation 

ramps from 600 W/m2 to 1000 W/m2) during the period from t = 0 to 2 sec, and the grid current waveform is 

maintained sinusoidal, ensuring active PV power sharing to the load as well as compensation for distorted 

grid current is shown in zoomed figures for grid voltage, grid current, and inverter current presented in 

Figures 5(a), 5(b), and 5(c). Furthermore, as shown in Figures 5 (d), and 5(e), the compensating inverter 

current waveform. The load power supply, solar PV power generation and grid power sharing is achieved as 

shown in Figures 5 (f) and 5(g). During the time interval t = 2.5 to 3.5 sec, the irradiance is reduced from 

1000 W/m2 to 700 W/m2, the PV power is reduced to 2.2 kW, and the remaining load demand of 5.8 kW is 

met by the utility grid illustrated in Figure 5(f). Figure 5(h) shows how well the DC-link voltage controller 

works and keeps its value close to the 730 V reference value. As a result, it has been proven that the proposed 

system works better even under dynamic settings. 

(a) (b) 

(c) 

(d) 

(e) 
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Figure 5. System Performance under dynamic condition: (a) grid side voltage, (b) grid side current, (c) load 

side current, (d) inverter compensating current when irradiance is gradually changed, (e) inverter 

compensating current when irradiance is suddenly changed, (f) power sharing between grid and solar PV 

system, (g) connected load, and (h) DC link voltage 

 

 

4.3.  Case III: System performance without a DC link voltage sensor  

The performance of the system with proposed DC-link voltage estimator is verified for fixed 

irradiance at 1000 W/m2 represented in Figure 6. Figures 6(a), 6(b) and 6(c) depicts the grid voltage, grid 

current and load current waveforms, respectively. The grid’s current waveform profile becomes sinusoidal 

along with active power sharing is achieved. Figure 6(d) shows the grid power and PV power generated and 

it’s sharing as per demand. Figure 6(e) presents the estimated DC voltage value very close to the reference 

value. This confirms the effectiveness of the proposed control algorithm without sensing the DC- link voltage 

sensor in active power sharing and enhances the grid current profile. 
 

 

 

 
 

Figure 6. System performance without a DC link voltage sensor: (a) grid voltage, (b) grid current, 

(c) load current, (d) grid power and PV power waveform, and (e) estimated DC-link voltage 
 

 

Table 2 shows the comparison of the performance of the MFGC PV system with sensor-based DC 

voltage and proposed DC voltage estimator without sensor. DC link voltage is maintained at the desired 

value. Hence with the proposed DC voltage estimator the need for costly voltage sensor can be eliminated. 

Specifications of the parameters of grid connected system used in simulation are illustrated in Table 1. 

(a) 

(b) 

(c) 

(d) 

(e) 

(a) (b) (c) (d) (e) 

(f) 

(g) 

(h) 
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Table 1. System specifications  
Parameters Values Parameters Values 

Boost inductor, Capacitor 
switching frequency 

𝐿𝑏 = 4.5𝑚𝐻, 𝐶𝑏 = 1000𝜇𝐹, 
𝑓𝑠𝑤 = 20𝑘𝐻𝑧 

PV array output maximum voltage Vmpp= 498.1V 

Interfacing inductor 
Lf= 8.5 mH,  

Nonlinear load parameters and Total Load PL RL= 40 Ω, LL= 120 mH,  

IL= 14A, PL= 8 kW 

 

 

Table 2. Details of power sharing and comparison of DC link voltage with and without sensor 
PL(kW) Ppv (kW) Pg (kW) Vdc (V) using sensor Vdc (V) using Proposed estimator 

8 0 8 729.65 731.73 
8 3.7 4.3 728.35 732.35 

 

 

5. CONCLUSION 

In this paper, SRF based a control algorithm for a two-stage grid-interfaced PV system with the 

multi-function capability of VSI for supplying nonlinear load under various uncertain environment is 

presented. A DC-link voltage controller with the estimated DC link voltage is proposed, giving the 

satisfactory performance as that of using a physical sensor. This reduces cost, hardware complexity and 

overall size of the system significantly. When solar power is not available, VSI compensates harmonics 

current injected by nonlinear load. The proposed controller ensures that the system supports the load demand 

power as per availability from PV system under fixed and varying solar irradiance, reducing the burden on 

utility grid. Also, enhancing the grid current profile under various operating conditions supplying the 

nonlinear load found effectively. 
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