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Abstract 

Microgrids refer to small-scale power systems formed from distributed generations, storage devices, 

and loads, operating synchronised with integrated power electronic units. Since the power supply and 

the microgrid load are unstable, including energy storage may allow power balance while assuring the 

microgrid's suitable predictability. Energy storage can deal with the microgrid's unpredictability. 

Simultaneously, the grid can control the energy storage and the distributed generations with the power 

dispatching so that the microgrid can alleviate the grid pressure. The system includes interfacing power 

converters allowing controllable power flow from sources to the loads. This paper considers microgrids, 

including wind turbines, large-scale energy storage and DC load. The aim is to model a voltage-oriented 

control scheme for a three-phase PWM rectifier interfacing the wind turbine, the DC load, and the 

energy storage. The modelling and simulation are performed using the Simulink environment. 

Microgrids, composed of distributed generation, energy storage, and loads, offer enhanced resilience 

and energy management. However, the intermittent of renewable sources like wind requires effective 

control strategies to maintain stability. Large-scale energy storage can mitigate these fluctuations, 

ensuring a balanced and predictable power supply. This paper presents a Voltage-Oriented Control 

(VOC) approach for integrating wind turbines, large-scale energy storage, and a DC load within a 

microgrid. The proposed control scheme uses a three-phase PWM rectifier to interface these 

components, optimizing power flow and maintaining stable voltage. The VOC approach ensures 

efficient energy management, regulating voltage levels while balancing power between the renewable 

generation, storage, and load. M odeling and simulation are performed in Simulink, demonstrating the 

system’s ability to stabilize voltage and efficiently dispatch energy. The results show that the VOC 

strategy enhances microgrid performance, improves power quality, and alleviates pressure on the main 

grid. This approach provides a reliable and predictable energy supply, improving microgrid stability and 

supporting grid interaction. 

Keywords: Energy storage, Control System, PWM rectifier, renewable microgrid, wind turbine. 

Introduction 

During the last two decades, electricity demand has become higher due to industrial progress and population 

growth worldwide. An investigation conducted on the power consumption and economic development of 

274 cities reveals that these cities need to minimise their energy utilisation by more than 25%. The study 

concluded that if no mitigation actions are taken, the energy use will rise by more than three times between 

2005 and 2050 (Thorpe, 2015). Furthermore, with suitable urban design and transport rules, the future 

increase in urban energy would be limited to 150 000 TWh in 2050, thus decreasing the potential of climate 

change. Moreover, these cities would need to implement more policies to reduce urban greenhouse gas 

emissions (Thorpe, 2015). The questions come up in how these issues will be solved, what kinds of energy 

sources and technologies will be used to meet such amount (Stephen, 2017).   
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Today's electricity market still relies on fossil fuel, including coal, gas, and oil, to meet the load demand. 

However, these energy sources are disadvantageous, as they can release an important quantity of carbon 

dioxide into the atmosphere, potentially increasing the risks of global warming. Moreover, it is notable that 

those sources are running out and will probably cause an energy shortage in the next three decades (Ellabban 

et al., 2014; Stephen, 2017). Other energy technologies, such as wind, solar, hydro, biomass, etc., have been 

developed to address the presented issues. The target is to keep on developing these renewable technologies 

until energy sources based on fossil fuels are replaced (Stephen, 2017)  

The main issues when dealing with these renewable technologies are their variability and reliability caused 

by meteorological factors. This renewable power instability also challenges their integration into the grids. 

Due to these issues, research efforts have been made to determine suitable technologies for renewable 

energy integration in the power network.   

In this context, the microgrid concept appears to be the appropriate solution for integrating renewable power 

into the grid. Microgrids refer to small-scale power systems formed from distributed generations, storage 

systems, and groups of loads, operating in synchronised mode with integrated power electronics units; they 

can operate in islanded mode or connected to the main power grids (Arbab-Zavar et al., 2019; Planas et al., 

2015). The ability to work in both grid-connected and off-grid modes increases the power quality, energy 

security, and reliability to the end-users (Planas et al., 2015).   

Microgrids can be designed to feed both AC and DC loads, but most microgrids generate AC power to 

facilitate their interaction with the grids. However, DC microgrids are gaining more attention because of 

the power nature of technologies such as photovoltaic panels, fuel cells, batteries, and supercapacitors and 

the increasing presence of DC loads. DC microgrids present significant benefits over AC microgrids; these 

benefits include the absence of harmonics and reactive power. Additionally, DC microgrids are more 

efficient and straightforward as they do not have multi-stage conversions from AC to AC via DC 

(ArbabZavar et al., 2019).   

Besides power sources such as photovoltaic panels and fuel cells, AC renewable generators can also be 

used in DC microgrids. In such a case, they require an AC to DC-conversion through a rectifier. This study 

considers a DC microgrid composed of an AC wind generator, a three-phase PWM rectifier, an energy 

storage system, and a DC load. Including energy storage may allow power balance while assuring suitable 

microgrid predictability. Similarly, the grid can control the energy storage and the distributed generations 

with the power dispatching so that the microgrid can alleviate the grid pressure. The system includes 

interfacing power converters allowing controllable power flow from sources to the loads.  

Several studies on the control of PWM rectifiers have been carried out.  Frisfelds and Krievs (Frisfelds and 

Krievs, 2019) presented the design of a low voltage three-phase PWM bidirectional converter. The objective 

was to achieve a low harmonic distortion to meet IEEE 519-1992. A control algorithm was developed for 

the control of the PWM rectifier. A similar study was conducted by Kondylis et al. (Kondylis et al., 2017). 

The authors developed a control system to regulate the power flow from the primary source to the batteries 

to keep the systems' variables such as frequency and voltage within reasonable limits. Li et al. (Qiang et 

al., 2015) proposed a hybrid system's control scheme, including wind, PV, and storage systems for 

microgrids; this system is based on bidirectional converters operating in both modes rectifier and inverters. 

The approach was developed to improve electrical energy quality. The systems are composed of a PI 

controller and neural network. The authors used the wind speed to 10 m/s, rotor diameter of 1.56 m, the 

turbulence intensity of 12%. The wind generator was based in PMSG; the results showed that the system 

was advantageous. The converter voltage generates a total harmonic distortion (THD) of 5.7%. Compared 

to this study, the wind speed was 13 m per second, the rotor diameter was 33.05 m, and the total harmonic 

distortion was 13.54%. Both values of the THD are within the applicable standard and adequate for the 

system. Another approach was developed by Davood et al. (Khaburi and Nazempour, 2010). The study was 

based on a PWM rectifier's design and simulation connected to a PMSG for a micro wind turbine. The 

study's purpose was to present a model for a voltage source rectifier connected to the generator in the 
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microturbine. The authors used the virtual flux direct power control strategy (VF-DPC). In the 

configuration, the DC-bus voltage is controlled by regulating the active power.  

Similarly, Yusoff et al. (Yusoff et al., 2017) proposed using the VF-DPC to improve the control method in 

contrast to the conventional direct power control strategy DPC for the front-end three-phase PWM rectifier 

converter. The parameters used in the study are tabulated in Table 5. Frisfelds and Krievs (Frisfelds and 

Krievs, 2019) implemented the control of rectifier with a synchronous rotating dq frame to control load 

current in dq-axis components and control the active and reactive power individually to set the DC-link 

voltage constant during the dynamic load changes. The results also showed that the designed rectifier 

system is stable, and the grid current harmonic in both the low and the high-frequency ranges is low 

(Frisfelds and Krievs, 2019). A similar study was implemented by Kondylis et al. (Kondylis et al., 2017). 

They proposed a control system based on voltage-oriented control strategy (VOC); the controller generates 

enough PWM pulses to a converter to monitor t the activities of a stand-alone network and manage the 

active and reactive power flows between the storage systems and the grid as well as to provide an acceptable 

power quality. The result showed an adequate voltage quality in all buses, and the harmonic distortion was 

set within limits. This study's focus was the control of frequency in a stand-alone mode powered only by 

wind energy. The results showed that the control was achieved with the master controller's suitable setting 

that determined the proper energy flows within the system and kept the frequency within the required 

boundaries (Kondylis et al., 2017).   

 The present study aims to develop a control scheme for a three-phase PWM rectifier interfacing the wind 

turbine, a DC load, and an energy storage unit.  This study's main contribution is to present a detailed wind 

turbine DC microgrid model based on Simulink. The rest of the paper is as follows. The next section is 

dedicated to system description modelling and control. The third section discusses the results and compares 

them with other studies, and the fourth section deals with the conclusion. System Modelling 

As depicted in Figure 1, the adopted DC microgrid consists of a permanent magnet synchronous generator 

(PMSG) wind turbine connected to a PWM rectifier supplying an energy storage device and a DC load. 

 
Figure 1 System Layout 

Permanent Magnet Synchronous Generator (PMSG) 

A PMSG offers a high-efficiency power conversion from mechanical to electrical power. In this type of 

generator, the excitation field is given by a permanent magnet rather than a coil. It is referred to as a 

synchronous generator because the rotor and the magnetic field rotate at the same speed. A shaft generates 

the magnetic field mounted permanent magnet mechanism and the current is induced into the stationary 

armature (Binder and Schneider, 2005). Two types of PMSGs can be distinguished namely salient rotor 

and round rotor. This study considers a round rotor generator. The PMSG modelling equations are 

expressed as follows (Caixeta et al., 2014):  

√6 Vnom Φnom = 3ωnom       (1) 

Where Φnom is the nominal magnetic flux, Vnom is the nominal voltage, and ωnom is the angular velocity. 

 Φ = ϕpu × Φnom (2) 
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Where ϕpu is the magnetic flux per unit value, and Φ is the total magnet flux. 

The nominal power of a round rotor PMSG is given the following Equation: 

 Pnom = 3VnomInom (3) 

Where Pnom is the nominal round rotor power, Inom is the nominal current. The nominal impedance of the 

round rotor PMSG is determined as follows: 

3V 

Znom = 3Inomnom 

(4) 

Rs = RspuZnom (5) 

Where Rspu is the resistance per unit value, and Znom is the nominal impedance. 

The inductance of the round rotor PMSG dq0 frame Ldq is expressed as follows: 

 Ldq = Ldq_pu × Lnom (6) 

Where Ldq_pu is the inductance per unit value. 

The moment of inertia of the round rotor is given by the Eq. 7: 

2NpHPnom 

 J = 2 (7) 

ωnom 

Where J is the inertia moment, Np is the number of pole pairs, and H is the inertia constant. 

Aerodynamic of Wind Turbine 

The wind flowing through the rotor blades at the speed rate is converted into kinetic energy (Zhao 

and Ding, 2018). The kinetic power equation is expressed by the following expression (Abad et al., 2011; 

Letcher, 2017):   

 

12vrated3 (8) 

PM = 2 Cp(λ, β)ρπR 

Where R is the radius of the rotor, ρ is the air density, vrated is the wind velocity, λ is the tip ratio, β is the 

blade pitch angle, and Cp is the wind power coefficient. 

The Equation of the torque Tt is expressed as [14]: 

ρπR3v2 

 Tt = 2 λ (9) 

Therefore, for the modelling of the Matlab Simulink system, the parameter used is given in Table 1. 

 Table 1Generator and aerodynamic modelling parameters. 

Parameter Value Parameter Value 

𝑃𝑛 1.53 MW  35000 kgm2 

𝑃𝑛 953 V 𝑁 48 

𝑅 0.027 𝑃𝑛 6.542 rad/sec 

𝑅 0.006Ω H 5.005 

𝐿_ 0.5131 PM 1.6 MW 

𝐿 0.000395 H Tt 1.4.105 Nm 

𝑁 1.18842 Cp( λ, β) 0.34 

𝑃𝑛 2.4768 Wb ρ 1.12 

 1.48 Wb R 33.05 m 

ΩR 0.4 vrated 13.36 m/s 
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Modelling of PWM Rectifier 

The PWM rectifier schematic is depicted in Figure 2. It is a three-phase regenerative rectifier based in 

a voltage source converter and consists of a line inductance on the AC side (Ls, Rs), six individual IGBT 

switches, and a DC-link capacitor  on the DC side. The rectifier receives AC power from a balanced 

three-phase voltage source (Va, Vb, and Vc), and the current supplied are Ira, Irb and Irc. The DC output 

of the rectifier provides a current Idc to an RL load and the large-scale system storage. The three-phase 

voltage source rectifier in the abc coordinates is given by the following equations (Acikgoz et al., 2016; 
Brito et al., 2015):  
 

− Rs 0 0 0Va − Vra 

0 − Rs 0 0Vb − Vrb(10) 

0 0 − Rs 0Vc − Vrc Sa Sb 

Sc −10 

Where Vra, Vrb and Vrc are the rectifier input voltages expressed as a function of switching devices, and Sa, 

Sb and Sc are the switching functions, either 0 (switch is off) or 1 (switch on). 

Va = Vmsinθ 

Vmsin (θ −  (11) Vb = 

Vc = Vmsin (θ +  ) 

Using Park's transformation, the model PWM rectifier equation is expressed as: 

Rs − ωLs Id Vrd 

 Iq + Vrq (12) 

ωLs Rs 

Where Vd and Vq, Vrd and Vrq, and Id and Iq are the voltage Va, Vb and Vc, the voltage Vra, Vrb and Vrc, and 

the current Ira, Irb and Irc in dq frame respectively, and θ = ωt is the angle between the d-axis and qaxis. 

By transforming the Eq.13 into d-q rotating reference frame, the Equation will become (Chen and Jin, 

2006). 

did 

Vd = Ls dt + ωLsiq + ud (13) 

diq 

0 = Ls dt − ωLsid + uq 

Where the resistance value is neglected as it is very small and Vq = 0. 

L s 
d I ra 
dt 

L s 
d I rb 
dt 

L s 
d I rc 
dt 

L s 
d I uc 
dt 

= 

I ra 
I rb 
I rc 
I L 

+ 

V d 
V q 

= L s 

d I 
d 

dt 
d I 

q 
dt 

+ 
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Figure 2 Two level rectifier voltage source topology. [16] 

Modeling Line Inductance 

The inductance has a major role in the rectifier operation as it generates an induced voltage which makes 

the voltage source rectifier to operate in boost mode and allows the DC-link voltage to be higher than the 

magnitude of the input voltage by blocking the diodes for a proper operation of the system. In addition, the 

inductance also operates as a filter to reduce the current ripple and the operation range of the rectifier at the 

same time (Chen and Jin, 2006). The voltage drop across the inductance controls the current, and this 

voltage is controlled by the rectifier, although its highest value is limited by the DC-link voltage (Marian 

et al., 2002). The inductance can be determined using Eq.14 as follows (Wang et al., 2013):   

(2Vdc−3Em)EmTs 

 Ls ≥ 2Vdc∆Imax (14) 

Where ∆Imax is the maximum ripple current generally chosen as 20% of the maximum current, Em is the 

peak voltage of the AC generator, and Ts is the sampling period. 

Modelling the DC-link Voltage 

A proper operation of the rectifier depends on the minimum DC-link voltage, which is generally determined 

by the peak of line to line voltage given in Eq.15 as follows (Marian et al., 2002): 

 2 2 

 VDC−min > 2 VLN(peak) =3 VLN rms =1.663 VLL(peak) (15) 

Where VDC−min is the minimum DC-Link and VLN(rms) is the line to ground voltage. 

The DC-link capacitor can be determined using the following Equation: 

P 

CDC = 2 πfVDC ∆VDC (16) 

Where ∆VDC is the maximum ripple DC voltage and it is usually 5% of the supply voltage, VDC is the DC 

bus voltage, P is the active power, and f is the generator frequency. 

The PWM rectifier modelling parameter is given in the Table 3. 

Table 2 PWM rectifier modelling parameters. 

Parameter Value 

 1150 Volts 

 953 Volts 

 0.005 Ω 

 0.0885 F 

 4.14x10-3 H 
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Control System 

This study's adopted control is based on a voltage-oriented control strategy (VOC), and it is shown in 

Figure 3. The schematic consists of a fast-dynamic response and aims to control the output voltage using a 

current double loop structure. The outer loop is a DC-link voltage control that produces the inner current 

references. 

Outer Loop Control 

The outer loop control maintains the DC-link voltage value close to a set DC reference voltage, which must 

be higher than the generator peak voltage to keep the diode of the converter blocked. When this condition 

is satisfied, the outer loop control maintains the DC-link voltage value close to a set DC reference voltage, 

which must be higher than the generator peak voltage to keep the diode of the converter blocked. Then the 

DC-link voltage is measured and compared to the set DC reference. The error obtained from the comparison 

is used to generate the reference id
∗ current for the current loop through a PI controller (Chen and Jin, 2006). 

The tuning parameters can be estimated as follows (Teodorescu et al., 2011). 

kpv = 0.12 Ts (17) 

Tiv = 17T 

Where kpv is the proportional gain, Tiv the time integrator in the outer voltage loop, Ts is the sampling 

period given by: 

 

Inner Loop Control 

In the inner loop, the current id and iq obtained through the dq0 transformation of the generator current (Ia, 

Ib and Ic) are compared respectively with the id_ref generated at the outer loop and iq_ref which is set to zero 

(Pashaei and Aydemir, 2014). The inner loop tuning parameter used in this study are estimated through 

the following Equation (Teodorescu et al., 2011): 

kpi = 3Ts 

  (19) 

Tii = Rs 

Where  is the proportional gain and  is the integration time constant of the inner loop control. 

T s = 
1 
f s 

(18) 

Figure 3 Control system schematic. 
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The tuning parameters of both the outer and the inner loop are given in the Table 3. 

Modulation Control 

The modulation signals ∗ and ∗ are used to generate the PWM signals to drive the rectifier switches based 

on the following Equation (Esmaeilian et al., 2014):    

md∗ = 
V

2
2DC (Vgd + LsωIq + ud

) 
(20) 

md∗ = VDC (Vgq − LsωId + uq) 

Where 𝐿 and  are the disturbances from input power transmission,  and  are the current errors output signals. 

Modelling Phase Locked Loop (PLL) 

The Phase-Locked Loop (PLL) is used in this study to generate the phase angle for the transformation. A 

typical PLL circuit consists of the phase detector, the loop filter, and the voltage controlled oscillator 

(Behera and Thakur, 2016). The closed-loop transfer function of a PLL (Figure 4) is given by the following 

equation (Timbus et al., 2005):   

 GPLL S= θθ∗ = S2K+1KS+1S+K2K2 (21) 

Where K1 is the PI loop filter proportional and K2 is the proportional corresponding integral gain. 

 

Figure 4 Small signal mode (Behera and Thakur, 2016). 

The parameters K1 and K2 of a PLL can be evaluated using the following expression (Teodorescu et al., 

2011): 

ω− = K2 

 K1 (22) 

  = 2 K2 

Where − is the natural frequency and  is the damping ratio. 

Table 3 provides the determined values of 1 and 2. 

Table 3 Tuning parameters inner, outer loop and PLL. 

Outer Value Inner Value Parameter Value 

Kpv 49.35 Kpi 0.3497 K1 1 

Tiv 2.81 ms Tii 64.13 ms K2 356 

Results and Discussion 

A simulation was carried out to analyse the performance of the model depicted in Figure 1 for a simulation 

time of about 20 seconds based on parameters from Table 1 to Table 4. 

It is considered that the wind generator produces AC power at a constant wind speed of 13 m/s. The wind 

generator has a power rating of 1.53 MW with a phase to phase voltage of 953 V at 50 Hz. The power 

obtained at the wind generator's output terminals is rectified to feed a DC load connected at the output 

terminals of the rectifier. The rectifier's output power delivers DC power of a magnitude of 1.26 MW at 

1150 V; hence, the rectifier efficiency is around 82 %. The control approach used to regulate the rectifier's 

output parameters is based on the closed-loop voltage-oriented strategy, as shown in Figure 3. The control 
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method consists of keeping the DC output voltage as close as possible to the adopted reference DC voltage 

of 1150 Volts through proportional-Integral controllers. The control strategy includes two control loops, 

namely the outer and the inner control loops. In this case, the outer control loop is the DC-link voltage 

control that aims to generate the inner current in dq0 reference. The inner control loop uses the error 

between the dq0 reference current generated by the outer control loop and the system currents. The error 

is then used in the inner PI controller to produce the modulation signal in dq0 frame. Then, the inner control 

loop output in dq0 is transformed back to the abc frame to obtain the modulation in the abc frame to 

generate the Pulse Width Modulation signals to drive the rectifier. The simulation results are presented in 

three sections: the AC, control scheme, and DC side results. The AC section focuses on the PMSG voltage, 

current, and active and reactive power and the output voltage, current, and active and reactive power. The 

control scheme discusses the obtained PWM signals, whereas the DC side deals with the DC-link voltage 

and voltage, current and power at the load side. 

AC Side Results 

For a rated wind velocity of about 13 m/s, the wind generator's active and reactive power obtained from 

the simulation are shown in Figure. 5. The average active power value is around 1.5 MW (Figure. 5aactive 

power), while the reactive power is 403 kW (Figure. 5b-reactive power). Between 0 and 3 seconds, the 

simulation results display an overshoot and undershoot for the active and reactive power signals, 

respectively, as the system did not reach its stability yet. However, after 3 seconds, it can be seen both 

signals gain their stability. The phase to ground voltage and the phase current at the wind generator's output 

terminals are depicted in Figures 5c and 5d. The RMS voltage value is around 549 V (Figure. 5cDC bus 

voltage), while the RMS of the phase to phase voltage is around 951 Volts. On the other hand, this 

generator's phase current is about 1082 Amps (Figure 5d- current bus). Both signals exhibit harmonics 

higher than the adopted system frequency of 50 Hz. 

 
Figure 5 (a) Active Power and (b) Reactive power of the wind generator; c) Voltage and (d) 

current curves of the wind generator. 

The phase to ground voltage wave is characterised by a Total Harmonics Distortion of 141.38% (Figure. 

6a), whereas the phase current signal shows a Total Harmonics distortion of 13.54% (Figure 6b). 
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Figure 6 (a)Voltage and (b) Current Total Harmonics Distortion. 

Results of the DC Side 

The DC side results consist of comparing the DC voltage of the rectifier against the DC reference voltage 

and assessing the rectifier's performance when its output is connected terminal to an R load, RL load, and 

RC load. Figure 7 compares the DC voltage and the DC reference voltage used in the control loop. The 

reference voltage is set to 1150 V, and at the steady-state, both the DC voltage and the DC reference voltage 

are approximately equal. The DC voltage has a rise time of about 2.599 seconds, which is required for the 

voltage to rise from 0 to 100 % of its final value. Furthermore, the overshoot and undershoot at the start of 

the signal are 0.505 % and 2 %, respectively. 

 
Figure 7 DC Voltage versus DC Reference voltage. 

Case Study 

A load of impedance equals 1.02 Ω, consisting of resistance of 1.02 Ω and inductance of 1 Henry, which 

may represent an asynchronous motor. The voltage and current supplying the load are shown in Figure 14. 

From the beginning of the simulation, it can be observed that the voltage signal has oscillations until it 



207 
 

 

reaches its stability and settles at 1105 V (Figure 8a), while the current shows less oscillation until it gets 

1162 Amps (Figure 8b). The voltage signal shows an overshoot of 11.798 %, while the undershoot is 18.964 

%, and its rise time is 1.277 seconds. On the other hand, the current signal displays an overshoot of 0.505 

%, while the undershoot is 3.25 %, and the rise time is 3.833 seconds. The resulting power measured at the 

load side is shown in Figure 8c; this power oscillates between 0 seconds to about 16 seconds until it gets 

to apparent stability of around 17 seconds. The measured power value is 1.207 MW, slightly lower than the 

power in case of a resistive load. 

 
Figure 8 Voltage and Current of an RL load; Power supplied to RL load. 

Conclusion 

A renewable microgrid is the combination of electrical loads and micro sources functioning as one system 

that can operate in two modes one connected to a larger power grid, and the other one can be totally in the 

islanded way. The microgrids based on renewable energy solve energy problems locally, ensure energy 

security, and increase system flexibility. This study focused on developing PWM rectifier control for large-

scale energy storage in a renewable microgrid. The system results consisted of a three-phase PWM rectifier 

receiving AC power from a 1.53 MW permanent magnet synchronous wind generator at a line voltage of 

953 V. The rectifier delivered 1.26 MW at a DC voltage of 1150 V to a DC load connected to its output 

terminals. The control system scheme adopted in this study was based on a voltage-oriented control 

strategy. The modelling and simulation were carried out using Matlab/Simulink environment. An RL was 

considered to evaluate the performance of the designed controller. The results showed a good performance 

of the designed controller as the output voltage could be maintained close to the set reference value. 
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