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Abstract: 

 This research presents an innovative topology for a grid-connected wind-solar cogeneration 

system that is both straightforward and effective. Back-to-back voltage-source converters are used to 

link a full-scale wind turbine powered by a permanent magnet synchronous generator to the utility grid 

(VSCs). A photovoltaic solar generator has been hooked up using the DC-Link capacitor. Because no 

DC/DC translation stages are needed, the hybrid system is easy to use and effective. To maximize the 

extraction of renewable energy, the suggested topology also includes separate maximum power point 

tracking for the wind and solar producers. The vector control inside the rotating reference frame is 

used to regulate the VSCs. To describe the overall stability, the system components' comprehensive 

small-signal models are built. Investigated is how utility grid failures affect the effectiveness of the 

suggested solution. Results from nonlinear time-domain simulations conducted under various 

operating situations are shown to support the viability of the suggested topology 
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I INTRODUCTION: 

During the previous ten years, the cost of wind and solar energy generation has been 

dramatically declining. The installed solar and wind generating capacity worldwide has exceeded 303 

gigawatts (GW) and 487 GW, respectively, in 2016, driven by their technological and economic 

incentives, as contrasting to 6 GW and 74 GW, respectively, in 2006 [1].Power-electronic 

converters are used as an interfacing step to the load-side or the utility grid to construct distributed 

generating units due to the intermittent and uncontrolled nature of wind and solar energy [2], [3]. The 

majority of distributed generation systems described in the literature are entirely focused on one type 

of renewable resource, such as solar energy as in [4], [5], or wind energy as in [6]–[8]. Recent 

consideration has been given to combining solar and wind generators in one site to maximize the 

advantages of the available renewable resources [9]– [22]. 

The hybrid wind and solar energy cogeneration system has the following features: 1) The 

availability of wind and solar energy is often complementary, thus integrating both sources of energy 

boosts the total operating efficiency [23]. 2) The smaller footprint of the integrated system made 

possible by the hybrid wind and solar co-generators improves capital investments by maximizing the 

use of land resources [24]. 3) Due to the accessible moment of inertia in the mechanical components 

of the wind generators, the combined wind and solar cogeneration systems are more dynamically 

capable of supporting the utility grid than the static solar generators [8]. 4) Having two energy sources 

improves the reliability of the generation [9],[10]. Grid-connected wind and solar congenators are not 

frequently discussed in the literature [9]– [15]. For standalone off-grid applications, however, a variety 

of wind and solar hybrid systems are available [10], [16], and [22]. 

A grid-connected and stand-alone implementation of an optimum sizing technique for a wind-

solar-battery system has been put out in [10]. For a hybrid system made up of the solar and wind 

systems, systematic stochastic planning is suggested in [11]. By using multiple-input converters, the 

integration of renewable energy sources has been enhanced in [12]– [14]. In [12], a fused buck/buck-

boost DC-DC converter is presented. A connected transformer and a DC-DC converter with a current-

source interface are presented in [13] and [14], respectively. The suggested systems are based on dc 
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power distribution, which may not be the best distribution medium in ac-dominated power systems, in 

addition to the somewhat complicated structural topologies in [12]– [14]. Also, the systems provided 

are suggested for relatively low-power levels and have not been proven in high-power applications. 

Shown in [16, 17] is a self-contained hybrid wind and solar system that includes a diesel generator and 

a storage battery. On a modest scale, a single-phase hybrid system function. 

Single phase hybrid system has been investigated in [18], while a laboratory-scale system is 

shown in [19] and [20]. A common dc-bus is frequently used in the system design in [16]–[20] to link 

a number of parallel converters-interfaced renewable energy resources, which may reduce overall 

system efficiency and increase costs [12]. The cascaded connection of power converters requires 

precise controller design and coordination in order to avoid the produced interactions and dynamics 

among the tightly controlled power converters, which might lead to instabilities [25], [26]. In order to 

interconnect a photovoltaic (PV) generator and an energy storage device, a back-to-back voltage-

source converter (VSC) coupled to a doubly-fed induction generator is utilised in [21]. [22] proposes 

a wind-driven induction generator interfaced to a PV generator trying to charge a battery bank. The 

effective integration of renewable energy sources with the lowest use of power electronic conversion 

stages is highlighted by the hybrid wind-solar systems in [21], [22]. These solutions, however, are 

suggested for certain off-grid applications. To the best of the authors' knowledge, [15] is the primary 

source that addresses the grid-connected wind-solar system combo. A back-to-back VSCs is used in 

the system in [15] to connect the solar and wind turbines to the power grid. An outer loop proportional-

and-integral (PI) dc voltage controller on the machine-side VSC regulates the dc-link voltage to the 

PV panel's maximum power-point tracking (MPPT) value. 

A hysteresis current controller is used to regulate the machine-side currents once the reference 

values are determined using the synchronous detection approach. A hysteresis grid-current controller 

on the grid-side VSC is utilized to inject the total currents to the utility-grid. Notwithstanding the 

potential advantages of the approach presented in [15], the following difficulties are noted: 1) The 

functioning of both VSCs is required for the MPPT of either the PV or wind power, which in some 

circumstances may reduce the system's dependability and increase losses. For instance, the machine-

side VSC may not be able to track the solar PV MPPT dc-link voltage if the wind velocity is lower 

than the wind turbine's cut-off speed, i.e., there is no wind power [15].2) There is no direct 

management of the velocity of the wind turbine, i.e., a servo operation, and the dc-link voltage is 

controlled from the machine side. Hysteresis controllers are used to manage the machine and grid-side 

currents, which results in a variable switching frequency and greater harmonic content. 

This study offers a new topology, however one that is straightforward and effective to interface 

both the wind and solar generators into one system, motivated by the promised advantages of the 

hybrid wind-solar generating systems and the obstacles facing the suggested system in [15]. 

The following are the paper's contributions: 

1) The development of grid-connected wind and solar generator combinations employing Back to Back 

VSCs without the need for additional power electronic switches. 

2) The voltage-source rectifier (VSR) is only in charge of the wind generator's MPPT, in contrast to 

the suggested system in [15], whereas the voltage-source inverter (VSI) harvests the most PV power 

by controlling the dc-link voltage to inject the entire dc power into the utility-grid. 

3) The creation of the suggested system's complete small-signal state-space model, which will be used 

to assess the stability of the system as a whole 

4) Using time-domain simulations, the performance of the proposed hybrid system has been examined 

under a variety of operational situations, including utility-grid failures. 

 

II. MODELING AND CONTROL OF THE PROPOSED HYBRID WIND-SOLAR 

GENERATOR 

The suggested system is comprised of a VSI to link the hybrid cogeneration system to the utility 

grid and a VSR to interface the wind generator, as illustrated in Fig. 1. A dc line is used to connect the 

PV generator directly to the Back-to-Back VSCs' dc-link capacitor [27]. Each of the two two-level 

converters—the VSR and VSI—has six cells and an insulated-gate bipolar transistor (IGBT) connected 
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in parallel with a diode. The full modelling and control of the suggested system are presented in the 

following subsections. 

A. Wind generator 

Due to its low operational and maintenance costs, a full-scale wind turbine (FSWT) with a permanent 

magnet synchronous generator (PMSG) is chosen [2]. The following is how the wind turbine model is 

displayed: 

𝑃𝑚 =
1

2
𝑐𝑝(𝛽, 𝜆)𝜌𝜋𝑅2𝑣𝑤𝑖𝑛𝑑

3 , 𝜆 =
𝑅𝑤𝑟

𝑣𝑤𝑖𝑛𝑑
            (1) 

where Pm is the mechanical power that the wind turbine blades are able to capture, D is the air density, 

R is the radius of the wind turbine blade, 𝑣𝑤𝑖𝑛𝑑 is the wind speed, and Cp is the rotor power coefficient, 

which is a nonlinear function of the blade pitch angle and the tip-speed ratio. In order to optimise the 

production of wind power, is set to zero under this paper's regular working settings [13]. The following 

is how the PMSG is modelled: 

𝑣̅𝑠 = 𝑅𝑠𝑖𝑠 + 𝐿𝑠
𝑑𝑖̅𝑠

𝑑𝑡
+ 𝑗𝑃𝑤𝑟(𝜓 + 𝐿𝑠𝑖𝑠̅)       (2) 

𝑗
𝑑

𝑑𝑡
𝑤𝑟 + 𝛽𝑤𝑟 =

3

2
𝑃𝜑𝐼𝑠𝑞 − 𝑇𝑚       (3) 

where Vs and Is stand for the stator voltage and current in complex vector form, respectively; 

Rs and Ls stand for the stator-winding resistance and inductance, respectively; and 𝑥𝑑 and 𝑥𝑞 stand 

for the direct (d) and quadrature (q) components of x in the rotating reference frame. P is the number 

of pole pairs, Tm is the mechanical torque, j is the imaginary unit number, and F is the flux linkage of 

the rotor magnets. R is the mechanical speed of the rotor. 

The link between the mechanical rotor speed and the power produced by the turbine at various 

wind speeds is seen in Fig. 2. 

If the rotor speed is ideally controlled to follow the fluctuations in wind speed, the greatest 

amount of wind power may be produced. The MPPT for the wind generator (MPPT𝑊), which uses the 

wind speed (vw) to create the reference value of PMSG rotor speed (Wr), may be used to fulfil this 

job at the VSR-side, as illustrated in Fig. 1 [17], [19]. 

B. Machine-Side Voltage Source Rectifier (VSR) 

  By adjusting the mechanical rotor speed of the PMSG to match the (MPPT𝑊 characteristics in 

Fig. 2, using the PI speed controller (Gs(s)) in the VSR, the greatest amount of wind power is captured 

(4). 

𝐼𝑠𝑞
∗ = (𝑤𝑟

∗ − 𝑤𝑟)𝐺𝑠(𝑠), 𝐼𝑠𝑑
∗ = 0        (4) 

The PI speed controller is implemented in the outer loop using the formula Gs (s) = gps + gis/s, where 

s stands for the differential operator and the superscript "" indicates the variable's reference values. 

Although 𝐼𝑠𝑑 is set to zero to run at maximum generated torque, the speed controller adjusts the PMSG 

speed to the ideal value (r) and determines the q- component of the stator current reference (Isq). 

 
Fig. 1 Propose wind-solar cogeneration system 
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 Fig.2 Mechanical characteristics of the wind turbine at different wind speeds. 

Solving (3) and (4), assuming Isq ≈ I∗ sq within the bandwidth of the speed controller and setting 

gis/gps = β/J, the closed Loop transfer function of the speed controller (𝐺𝑠 (s)) becomes 

where the bandwidth of the speed controller is 3/2Pψgps/J 

[rad/s] and is selected around 0.1 of the Bandwidth of the inner PI current controller (Gi(s)) [shown in 

(5)]. The speed controller parameters, i.e., GPS and GIS, can be tuned accordingly 

The inner loop implements the PI current controller such that the produced stator currents of 

the PMSG follow the relevant references in (4). 

𝑣̅𝑠 = (𝑖𝑠̅
∗ − 𝑖𝑠̅)𝐺𝑖(𝑠) + 𝑗𝑃𝑤𝑟

°𝐿𝑆𝑖𝑠̅ + 𝑗𝑃𝜓𝐻𝑤𝑟     (5) 

  
 Fig. 3 Electrical characteristics of the PV array at different solar irradiance 

levels 
Keep in mind that the decoupling loops are jPω◦ rLs, whereas the superscript "°" indicates the 

variable's steady-state value. 

The current controller is created by resolving (2) in a manner similar to the speed controller 

design (5). The closed loop transfer function of the current controller is changed to𝐼𝑠𝑑 /𝐼𝑠𝑑
∗ = 1/(Is + 1) 

by setting 𝑔𝑖𝑖/𝑔𝑝𝑖 = Rs/Ls, where the current controller's bandwidth is chosen to be between 0.1 and 

0.2 of the switching frequency. 

C Photovoltaic Generator 

This research has taken into consideration a PV array with the model number "PV-

UD190MF5" [28]. The transient stability of the system is not dynamically reflected by the PV model, 

despite its significant nonlinearity. The PV generator model is provided in Appendix A, and the 

following equations are used to represent the DC cable dynamics in Fig. 1.  

𝑉𝑝𝑣 = 𝑉𝑑𝑐 + 𝑅𝑑𝑐𝐼𝑝𝑣 + 𝐿𝑑𝑐
𝑑𝐼𝑝𝑣

𝑑𝑡
⁄         (6) 

Fig. 3 depicts the PV array's characteristics. There is an ideal operating point (𝐼𝑝𝑣, 𝑉𝑝𝑣) where 

the amount of solar electricity generated is maximised at any level of solar irradiation (S). The dc-link 

voltage value that corresponds to the generation of the maximum PV power is chosen by the MPPT of 

the PV array (MPPTs) [4]. 

The coordination between the PV array's MPPT voltage, or Vdc, and the root-mean-square 

(rms) voltage at the point-of-common coupling (PCC), or 𝑣̅𝑓 , should be taken into account while 

designing the PV array. The ratio between the ac and dc voltages in the VSI in Fig. 1 determines the 

pulse width modulation (PWM) and switching pattern such  𝑡ℎ𝑎𝑡𝑉𝑐=𝑚𝑣𝑑𝑐2 , where m is the 

modulation signal. Any significant changes in Vdc may result in overmodulation operations or 
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underutilized switches since Vc and Vf under steady-state conditions are largely consistent. This 

lowers the quality of the injected power into the utility grid. In accordance with Fig. 3, Vdc varies from 

0.997 to 1.012 p.u. at various solar irradiation levels. Given the vast range of irradiance levels, it is 

obvious that there is only a little fluctuation in the dc-link voltage, and as a result, the effect on the 

switching pattern and the quality of the injected power is negligible. The nominal MPPT voltage for 

PV arrays is set at 1457 V, as seen in Fig. 3. PV arrays may now be directly linked to a dc-link with a 

nominal dc voltage of up to 1500 volts at 2.0 MVA thanks to advancements in centrally managed 

power converters [29]. 

D Grid side voltage source inverter 

Figure 1 illustrates how an inductive filter (𝐿𝑓) with an internal resistance (Rf) and a shunt capacitor 

end the ac side of the VSI (Cf). The three-phase terminal voltages and currents of the VSI have 

respective rms values of 𝑣̅𝑐 and 𝑖𝑐̅. Utility-grid impedance is made up of an inductive component (Lg) 

connected in series with the line's equivalent resistance (Rg); vg and ig are utility-grid three-phase rms. 

𝑣̅𝑐 = 𝑣̅𝑓 + 𝑅𝑓𝑖𝑐̅ + 𝐿𝑓
𝑑𝑖̅̅ ̅𝑐

𝑑𝑡
+ 𝜔𝐿𝑓𝑖𝑐̅       (7) 

𝑣̅𝑓 = 𝑣̅𝑔+𝑅𝑔𝑖𝑔̅ + 𝐿𝑔
𝑑𝑖𝑔

𝑑𝑡
+ 𝜔𝐿𝑔𝑖𝑔̅      (8) 

𝑖𝑐̅ = 𝐶𝑓
𝑑𝑣𝑓

𝑑𝑡
+ 𝑖𝑔̅ + 𝑗𝜔𝐶𝑓𝑣̅𝑓        (9) 

With reference to (10), the VSI is controlled by a phase-locked loop (PLL) that synchronises the 

converter to the utility grid [30]. 

𝜔 = 𝜔° +
𝑉𝑓𝑞

𝑐

𝑉𝑓𝑞
° 𝐾𝛿(𝑠)         (10) 

The PLL structure in (10), which uses a PI controller to set the q- component of the PCC voltage (𝑉𝑐𝑞) 

to zero and produce the synchronisation angle 𝛿(𝑡), where 𝛿(𝑡) = ∫ 𝜔 (𝑡)𝑑𝑡 and the superscript "c" 

designates the converter reference frame, implements this. While the converter is in a transient state, 

the angle (t) oscillates to resynchronize with the utility grid, and when the system is in a stable state, 

it ultimately zeros out. The decoupling between active and reactive power regulation is vector control's 

key benefit. 

𝑃𝑣𝑠𝑖 = 𝑅𝑒𝑎𝑙{1.5𝑣𝑐̅𝑖𝑐̅
𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒

} = 1.5𝑉𝑐𝑑𝐼𝑐𝑑  

𝑄𝑣𝑠𝑖 = 𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦{1.5𝑣𝑐̅𝑖𝑐̅
𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒

} = −1.5𝑉𝑐𝑑𝐼𝑐𝑑.     (11) 

In the suggested hybrid system, the VSI's functions are, in brief, 1) Production of the Maximum PV 

Power: This is accomplished by adjusting the Back-to-Back VSCs' (Vdc) dc-link voltage to a reference 

value that corresponds to the production of the maximum PV power at various solar irradiation levels. 

A PI controller for DC voltage(𝐾𝑑𝑐(𝑠) = 𝐾𝑝𝑑𝑐 +
𝐾𝑖𝑑𝑐

𝑠
 therefore implemented as following;  

𝐼𝑐𝑑
∗ = −(𝑉𝑑𝑐

∗2 − 𝑉𝑑𝑐
2 𝐾𝑑𝑐(𝑠) (

1

1.5𝑉𝑓𝑑
° )          (12) 

DC Power Transmission to the Utility Grid: In Fig. 1, under the assumption of a lossless converter, the 

balance between the supplied dc power (𝑃𝑤𝑖𝑛𝑑 + 𝑃𝑠𝑜𝑙𝑎𝑟) and the injected active power to the utility 

grid (𝑃𝑉𝑆𝐼) determines the rate of change of the energy in 𝐶𝑑𝑐. 
1

2
𝐶𝑑𝑐

𝑑

𝑑𝑡
𝑉𝑑𝑐

2 = 𝑃𝑤𝑖𝑛𝑑 + 𝑃𝑠𝑜𝑙𝑎𝑟 − 𝑃𝑣𝑠𝑖        (13)    

where𝑃𝑤𝑖𝑛𝑑 = 𝑅𝑒𝑎𝑙{1.5𝑣̅𝑠𝑖𝑠
𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒

}and𝑃𝑠𝑜𝑙𝑎𝑟 = 𝑉𝑑𝑐𝐼𝑝𝑣𝛿 

In order to maintain the input-output power balance in (13) and produce the active power component 

(I∗ cd), the control variable in (12) is squared during regulation. The dc-link voltage controller's open-

loop transfer function (𝐾𝑑𝑐 (s)) is given by (11)– (13), were  

𝑙𝑣𝑑𝑐(𝑠) =
2𝐾𝑝𝑑𝑐

𝑇𝑘𝐶𝑑𝑐
(

𝑠 +
𝐾𝑖𝑑𝑐

𝐾𝑝𝑑𝑐

𝑠 +
1
𝑇𝑘

)
1

𝑠2
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where
1

𝑇𝑘
 is the VSI's inner current controller's bandwidth [explained in the section below]. 

The𝑙𝑣𝑑𝑐(𝑠 contains three poles, two of which are at zero and one of which is at one
1

−𝑇𝑘
. Because there 

are two poles at zero, the phase angle of𝐼𝑣𝑑𝑐(𝑗𝜔) ≈ −180° degrees at low frequencies. As a result, the 

controller's settings are chosen in a way that
𝐾𝑖𝑑𝑐

𝐾𝑝𝑑𝑐
<

1

𝑇𝑘
. 

The phase angle of lv dc (j) thus rises to its maximum value, vdc m𝑠𝑖𝑛−1(
1−𝑇𝐾

𝐾𝑖𝑑𝑐
𝐾𝑝𝑑𝑐

1−𝑇𝑘
𝐾𝑖𝑑𝑐
𝑘𝑝𝑑𝑐

)at a 

specified frequency𝜔𝑚
𝑣𝑑𝑐 = √

2𝐾𝑝𝑑𝑐

𝑇𝑘𝐶𝑑𝑐
and asymptotically falls to close to 180. Selecting vdc-m as the 

cross-over frequency ensures that it will hold. 𝐾𝑝𝑑𝑐 = 𝐶𝑑𝑐𝜔𝑐
𝑣𝑑𝑐  like that     

|𝑙𝑣𝑑𝑐(𝑗𝑤𝑐
𝑣𝑑𝑐)| = |𝑙𝑣𝑑𝑐(𝑗𝑤𝑚

𝑣𝑑𝑐)| = 1     (14) 

Hence, the phase margin is vdc m. The parameters of the DC-Link voltage controller may be 

found by resolving the previous equations [31]. PI ac voltage controller for PCC utility-grid voltage 

regulation(𝐾𝑎𝑐 (𝑠)) = 𝐾𝑝𝑎𝑐 +
𝐾𝑖𝑎𝑐

𝑠
)The PCC voltage vf is controlled by producing Icq, which equates 

to the reactive power necessary to keep the PCC voltage at unity. 𝐼𝑐𝑞
∗ = −(𝑉𝑓𝑑

∗ − 𝑉𝑓𝑑
𝑐 )𝐾𝑎𝑐(𝑠) (15) 

The PI ac current controller is used to regulate the injected currents into the utility grid(𝐾𝑖(𝑠) =

𝐾𝑝𝑖 +
𝐾𝑖𝑖

𝑠
)as follows 

𝑣̅𝑐
𝑐 = (𝑖𝑐̅

∗ − 𝑖𝑐̅
𝑐)𝐾𝑖(𝑠) + 𝑗𝜔°𝐿𝑓𝑖𝑐̅

𝑐 + 𝑣̅𝑓
𝑐          (16) 

Kac (s) should have parameters tuned similarly to the dc voltage controller in (12), whereas Ki (s) is 

developed using the methodology given for Gi (s) in (5).To appropriately characterize the impact of 

the PLL on the system dynamics, it should be emphasized that the measured ac values (i.e., 𝐼𝑐and 𝑣𝑓) 

should be converted to the converter reference frame while the controller output signals (i.e., 𝑣𝑐 ) 

should be retransformed to the grid reference frame [30].     

 TABLE(1); HYBRID SYSTEM EIGENVALUES OF THE PROPOSED SYSTEM 

EIGEN VALUES INFLUENCING STTE 

=-2148.6 ∆𝐼𝑠𝑑 
λ2=-0.52  
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 ,  

 

With the assumption that the angle difference between the two frames is relatively small, such that 

cos𝛿 -=1 and sin𝛿 = 0, the frame transformation is mathematically expressed in (16). 

𝑖𝑐̅
𝑐 = (1 − 𝑗𝛿)𝑖𝑐̅𝑣̅𝑓

𝑐 = (1 − 𝑗𝛿)𝑣̅𝑓 , 𝑣̅𝑐 = (1 + 𝑗𝛿)𝑣̅𝑐
𝑐   (17) 

 

III. SMALL-SIGNAL MODELING AND STABILITY ANALYSIS 

The PMSG model, the VSR model and control loops, the dc-link dynamics, the VSI circuit 

model and controllers, the PLL controller and reference-frame transformation, and the PMSG model 

have all been taken into consideration while developing the small-signal model (16). The following is 

the final 20-state state-space model of the complete system. 

∆𝑥∙ = [𝐴][∆𝑥]         (18) 

where A, which is the state matrix, and x, which is the state vector, are both given in Appendix C. The 

state’s (Δγid, Δγiq), Δγs , (Δϕid Δϕiq ), Δϕvdc , Δϕvac , and (Δδ, Δϕδ )),denote, in turn, the integral 

terms of the PLL control loops, the VSR current and speed controllers, and the VSI current, dc voltage, 

and ac voltage controllers 

A. Dominant Eigenvalues 

As shown in Table I, the dynamics of the speed and current controller of the VSR, namely, Δγs 

,Δγid, and Δγiq, affect the most prominent Eigenvalues and thus govern the transient performance of 

the suggested system. Also, the stability of the system is significantly impacted by the ac voltage 

controller of the VSI [state Δϕvac]]. The position of the dominant modes is associated with the 

controller's parameters, which are normally consistent for each mode of operation, so their migration 

is less likely to happen. 

 
Fig.4 Step response of the dc-link voltage to verify the developed small signal model in 

(17). 

B. Influence of the 𝑴𝑷𝑷𝑻𝑾 and MPPTs on the System Stability 

Table I demonstrates how relatively highly-damped Eigenvalues [14 and 11–12] are influenced 

by the states associated with the dynamics of the dc-link voltage, i.e., V 2 dc, and the mechanical 

speed, i.e., Δωr,. As a result, the stability of the system is not significantly affected by the driving 

elements for the MPPT𝑊 and MPPTs. The fluctuation range of the ideal r and Vdc to maintain the 

maximum power extraction at various wind speeds and solar irradiation levels is 0.501-to1.0 p.u. and 

0.997-to-1.012 p.u., respectively, according to Figs. 2 and 3. Following the ideal trace of ωr and Vdc 

displays little modification on the dominating modes; however, the migration of λ11, 12 and λ14 has 

not been greatly impacted, as predicted from the participation factor analysis in Table I. 

 

IV. EVALUATION RESULTS 

  Fig. 4 validates the precision of the small-signal state-space model in (17) after a step increase 

in Vdc of 5.0% at t = 1.0 s. The system controllers are first built to produce a performance that is 
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heavily damped. To make the model easier to validate, a mild damping response has been created by 

increasing the bandwidth of the DC-Link voltage controller. The oscillation frequency for an 

eigenvalue of j is [in rad/s], and the envelope of the oscillatory response decays according to the 

exponential function 𝐴𝑒𝑥𝑝 (t), where A is the oscillation's amplitude and t is the duration in seconds. 

The dominant lightly dampened mode obtained from (17) is = 73.03 j251.7. According to Fig. 4, the 

frequency of the oscillation of the same lightly dampened response is 247.4 rad/s, and the oscillatory 

response decays after closely matching 𝐴𝑒𝑥𝑝 (73.03 t). This suggests that the small-signal model in 

Fig. 4 was developed accurately (17). 

A. Small-Signal Model Verification 

Fig. 4 validates the precision of the small-signal state-space model in (17) after a step increase 

in Vdc of 5.0% at t = 1.0 s. The system controllers are first built to produce a performance that is 

heavily damped. To make the model easier to validate, a gently dampened response has been created 

by boosting the DC-Link voltage controller's bandwidth. 

The oscillation frequency for an eigenvalue of j is [in rad/s], and the envelope of the oscillatory 

response decays according to the exponential function 𝐴𝑒𝑥𝑝 (t), where A is the oscillation's amplitude 

and t is the duration in seconds. 

The dominant lightly dampened mode obtained from (17) is = 73.03 j251.7 According to Fig. 4, the 

frequency of the oscillation of the same lightly dampened response is 247.4 rad/s, and the oscillatory 

response decays after closely matching 𝐴𝑒𝑥𝑝 (73.03 t). This suggests that the small-signal model in 

Fig. 4 was developed accurately (17). 

B. Wind and Solar Co-Generation 

After various weather circumstances, the co-generation of solar and wind energy is examined. 

As seen in Fig. 6(a), for t = 2, 4, and 6 s, respectively, the wind speeds rise from 8.4 to 10.8, then fall 

to 7.2, and finally rise to 12 m/s. The sun's irradiance level shifts from 1 to 0.8, then 0.4, and eventually 

climbs to 0.6 kW/m2 at t = 3, 5, and 6 s, respectively, along with the changes in wind speed. In 

accordance with Figs. 2 and 3, the MPPT𝑊 and MPPTs provide the ideal r and V dc. Figures 6 and 

demonstrate that both r and Vdc exhibit well-damped performance, which is evident in the produced 

wind and solar power (Figures 6, respectively), as well as the current that was injected into the utility 

grid as shown in Figure 6. For more research, the highest wind and solar power outputs of 2 MW and 

0.568 MW, respectively, are created at t = 6.0 s, where the dc-link stability is maintained with a 

maximum overshoot of 0.06 pu. A unity PCC voltage is maintained at all times, as seen in Fig. 6.  As 

illustrated in Figs. 6 and I, where the variable frequency functioning of the VSR is clearly indicated, 

the developed controllers for the hybrid wind-solar system do not saturate the pulse-width modulation 

of the Back-to-Back VSCs. 

C. Wind-Only Generation 

When low irradiance conditions prevail at night, the PV generator contributes little or no 

electricity to the utility grid. When this occurs, the dc-link voltage controller adjusts Vdc to its lowest 

value in accordance with the PV characteristics shown in Fig. 3. The dc-link voltage declines to 0.858 

pu. at t = 2.0 s as the PV power generation falls to zero, as illustrated in Fig. 7a), and is then restored 

to 1.0 pu. at t = 3.0 s as the PV power is created. Figures 7(b) and (c), respectively, depict the matching 

of wind and solar power as well as the injected ac current to the utility grid. Be aware that each PV 

string often has a blocking diode connected in series with it to stop reverse current from entering the 

PV array at low irradiance levels. 

D. PV-Only Generation 

As it is expected that the wind speed will be below the cut-off speed, the bulk of the wind energy 

produced is lost due to system losses. As a result, the PMSG is in braking mode and uses mechanical 

means to stop the rotor.  
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Fig. 5. Response to a 3PG fault at t = 4.0 s for 4.0 cycles – 1.0 and 0.5 pu. wind power generation 

with 1.0 pu. solar power. 

The speed controller is used to reduce r from 1 pu. to 0, and then back to 1 pu. at t = 2 and 3 s, 

respectively, as illustrated in Fig. 5(a). According to Fig. 5(b), this corresponds to a sharp shift in wind 

speed between 0 and 1 pu. Even with the difficult operating condition, the system's stability is 

preserved. 

 

E. Co-Generation Under Utility-Grid Faults Condition 

Under short-circuit situations, converter-based distributed generation units roughly contribute 

at their rated currents. As a result, several utilities have mandated the fault-ride-through of power 

converters [32] in light of the rising integration of renewable energy supplies into electrical networks. 

As a result, the dispersed plants cannot be shut down during a voltage drop to zero volts that lasts for 

less than or equal to 150 milliseconds (9 cycles for 60 Hz systems). 

In this functional scenario, the fault-ride-through capabilities of the proposed hybrid wind-solar 

system are examined. A 3PG fault was applied to the PCC in Fig. 1 at t = 4 s for 4.0 cycles. Moreover, 

pulse-width-modulated switching blocks have been used to implement the VSCs in the Simulink 

model. Figure 5 illustrates the utility-grid current performance at 1.0 and 0.5 pu. of wind power 

generation, while solar power generation is kept at 1.0 p.u. 

The dc-link voltage stability is violated at 1.0 pu. wind and solar power production, and after 

the 3PG fault has been cleared, the quality of the injected ac current is decreased with a THD of 8.75%. 

The response from the 0.5 and 1.0 pu. wind and solar power production, however, shows a consistent 

dc-link voltage and superior current quality with a THD of 3.61%. This suggests that system instability 

caused by utility-grid problems may be linked to wind generators. The fault-induced abrupt reduction 

in PCC voltage prevents the grid from receiving the maximum amount of power from the DC-link. 

  
Fig. 6.    Performance of the wind and solar generators 

             
Fig. 7.   Performance of the wind generator only. (a) DC-link voltage. (b) Wind and solar 

generated powers. (c) Injected ac current to the utility-grid. 
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Fig. 8.    Performance of the PV generator only. (a) DC-link voltage and solar generated powers. 

(c) Injected ac current to the utility-grid. 

According to the literature, the following protection mechanisms have been activated at utility-

grid fault situations to safeguard PMSG wind turbines from fault conditions [33]; 1) Dissipating the 

produced wind power during faults by using a brake resistance in parallel with the DC-link capacitor. 

2) Using the pitch angle control to twist the wind turbine blades to limit wind power extraction and, as 

a result, the mechanical torque input to the PMSG. Be aware that both methods can be employed so 

that the mechanical pitch controller is triggered before the braking resistance produces a rapid 

dampening.  

                                                                 
Fig. 9.    Response to a 3PG fault at t = 4.0 s for 4.0 cycles – 1.0 p.u. wind and solar power 

generation with implemented fault protection schemes 

            
Fig. 10.    Response to a 1PG fault at t = 4.0 s for 4.0 cycles – 1.0 p.u. wind and solar power 

generation with and without the fault protection schemes 

     
Fig. 11. DC-link voltage response at different values of SCR – 1.0 pu. solar power and a step 

change of the wind power from 0.5 to 1.0 pu. at t = 1 s 

The input-output power balance across the dc-link capacitor is achieved by dissipating the wind 

power into the brake resistance and minimizing the produced wind power with the pitch angle control, 

enabling the fault to ride through.in Fig. 10, the system performance under single-phase-to-ground 

(1PG) fault circumstances is examined for further research. As compared to the 3PG faults in Fig. 5, 
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it is evident that the 1PG fault has no negative effects on the system's performance. In contrast to the 

unprotected case, the protected system in Fig. 10 exhibits a more damped DC-Link response. 

F. Co-Generation Under Parameters Variation – Robustness 

The system's performance is steady throughout a wide range of operating points, as illustrated in Fig. 

5. This section compares the system performance to changes in the parameter values. The short-

circuit ratio (SCR), which measures the utility grid's stiffness, is the ratio of the utility grid's short-

circuit capacity at the PCC to the rated dc power of the linked power converter. The electric grid is 

initially taken for granted to be robust in this research, with SCR = 15 [results in Fig. 6]. 

As indicated in Fig. 11, the SCR has been reduced to 4.0 and 2.3 in this part to compete with 

the linked converter. In both scenarios, the wind power undergoes a step increase from 0.5 to 1.0 p.u. 

at t = 1 s, while the solar power is kept constant at 1.0 p.u. As illustrated in Figs. 6 and 11, the system 

response is stable throughout a broad range of SCR values, from SCR = 15 to SCR = 4.5. Nevertheless, 

the interaction with the PLL dynamics causes the system to become unstable at SCR = 2.3, which is 

predicted at the extremely weak grid settings [7]. Fig. 12 examines the impact of CF fluctuation 

variations on grid voltage under the same operating circumstances.  

 
                    Fig. 12.   PCC voltage response at different values of Cf .1.25 and 1.5 

 

V.CONCLUSION 

                In this research, grid-connected Back-to-Back VSCs with vector control are used to combine 

wind and solar systems. After changes in wind velocity, the VSR on the wind generator side is in 

charge of capturing the most wind energy. On the off-grid side, the VSI's responsibilities include 

maximizing PV power output from the PV generator, achieving power balancing across the dc-link 

capacitor, and maintaining unity PCC voltage across various operating modes. To examine the system 

stability, a small-signal linearization study has been carried out using the whole state-space model. 

The suggested system has the following benefits: 1) a combination of solar and wind generators 

increases efficiency and dependability.2) Independent MPPT extraction, as the VSR and VSI are 

entirely in charge of obtaining the PV and wind energy, respectively. 3) The VSI maintains control of 

the DC-link voltage under all operating situations, producing improved damping performance. 4) 

Simple controller and system architecture 5) It is possible to implement fault-ride by utilizing the 

current protection protocols. The time-domain simulation results in the MATLAB/Simulink 

environment under various operating situations have shown a well-damped performance and an 

efficient operation. 

 

APPENDIX 

A. Model of the PV Generator 

 

𝑰𝒑𝒗 = 𝑵𝒑 (
𝑺

𝑺𝒓
[𝑰𝒔𝒄 + 𝜶𝒊(𝒕 − 𝒕𝒓] − 𝑰𝒐 [𝒆𝒙𝒑 {

𝑽𝑫𝒒

𝒏𝒔𝑲𝑨𝒕
} − 𝟏] −

𝑽𝑫

𝑹𝒔𝒉
), 
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𝑽𝑫 =

𝑽𝒑𝒗 + 𝑰𝒑𝒗 (
𝑵𝒔

𝑵𝒑
) 𝑹𝒔𝒆

𝑵𝒔
, 

 

 𝑰𝑶 = 𝑰𝒐𝒓 (
𝒕

𝒕𝒓
) 𝒆𝒙𝒑 {

𝒕𝒆𝒈𝒒

𝑲𝑨𝒕
(

𝟏

𝒕𝒓
−

𝟏

𝒕
)}    

 

where 𝐼𝑠𝑐 is the PV modules short-circuit current, I is the temperature coefficient, t and tr are the actual 

and reference temperatures in Kelvin, and Io and Ior are the reverse saturation currents at the 

operational and reference temperatures, respectively. VD stands for the internal diode voltage of the 

PV module, q for the unit charge, K for the Boltzmann's constant, A for the ideality factor, 𝑅𝑠ℎ and 

𝑅𝑠𝑒for the equivalent shunt and series resistance of the PV array, e.g., for the band-gap energy of the 

PV cell, ns for the number of PV cells, Ns for the number of series linked modules, and Np for the 

number of parallel strings in the PV array. 

B. System Parameter 

- PMSG: Rs = 0.821 mΩ, Ls = 1.5731 mH, P = 26, ψ = 5.8264 Wb, J = 32166 kg.m2. 

- VSR: 𝐹𝑆𝑊= 3420 Hz, Gs(s) = 3000 + 6500/s, Gi(s) = 3.38 + 1.76/s, and H = 1. 

- PV: Np = 83, Ns = 59, ns = 50, 𝑅𝑑𝑐= 0.125 mΩ,𝐿𝑑𝐶= 0.34 μH. 

- DC-Link: 𝐶𝑑𝑐= 4.7 mF. 

- 𝑉𝑆𝐼𝐹𝑠𝑤=3420 Hz, Rf = 3 mΩ, Lf = 0.3 mH, Cf = 60μF, Kδ(s) = 180 + 3200/s, 𝐾𝑑𝐶 (s) = 1 + 

100/s, 

Kac (s) = 0.001 + 24/s, and Ki(s) = 1.289 + 12.89/s. 

- Utility-Grid: 𝑉𝑓= 600 V, 𝑀𝑉𝐴𝑠𝑐= 100 MVA, X/R 

Ratio = 10. 3420 Hz, Rf = 3 mΩ, Lf= 0.3 mH C 
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