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Abstract. 

Wind power penetration is growing, posing considerable 
technological challenges for developing electrical grid systems. 
Gearless permanent magnet synchronous generator (PMSG) wind 
energy conversion systems (WECS) are becoming more popular. On 
the flip side, they are susceptible to grid failures. The use of 
Superconducting Magnetic Energy Storage (SMES) to enhance fault 
ride-through in PMSG wind turbines is investigated. Per the current 
Grid code trends, WECS are not to be disconnected from the grid; 
rather, they should provide reactive power support during such 
situations. This work incorporates machine and grid side converters to 
manage reactive, active power and DC-link voltage during grid 
failures. To improves system performance, lessen voltage dips at the 
point of common coupling (PCC), provide reactive power support and 
reduce the transient length, a DC-link capacitor is used with SMES. 
SMES reserve energy capacity is necessary for FRT operation when 
the wind turbine's inertial response range is insufficient. Finally, a 1.5 
MW PMSG-based WTG with SMES is developed. The Pre-fault, 
fault-period, and post-fault performance are all assessed. They 
confirm the system's efficiency, speed, and stability. 
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1. Introduction. 

Climate change resulting from global warming and ever-
increasing energy consumption has escalated the use of 
renewable energy (RE) across the globe. COVID-19 
restrictions implemented by nations have had little effect on 
renewable energy sources (RES) [1]. Renewable energy 
generation grew more than 3 % between January and March 
2020 as compared to 2019 same period[2]. Admits covid the 
worldwide wind industry expanded by 53% in 2020, with a 
capacity of more than 93 GW, bringing the total global wind 
power capacity to 743 GW, with China and the United States 
being the world's  
 

 
 
 
biggest markets [3]. WECS employing doubly-fed induction 
generators (DFIG), PMSGs, and squirrel cage induction 
generators (SCIG) have progressively been integrated into the 
electric grid in recent years [4]. The shutdown of wind power 
facilities would significantly impact the power system's 
transient and steady-state stability. E. ON, a German utility 
operator, implemented fault ride-through (FRT) standards in 
early 2003 to avoid the latter situation [5]. Direct drive wind 
turbines (WTs) seldom contribute to the fault current, which 
could meet FRT requirements. However, they will not enhance 
the system's voltage stability during grid outages. WECS 
should support the grid with reactive power to keep grid 
voltage stable [6]. As a result, FRT is critical for WTs in the 
event of grid faults. WTs should tolerate voltage fluctuations 
without being disconnected from the grid. PMSG and the WT 
are connected directly via a machine shaft. A back-to-back full-
scale Voltage Source converter (VSC) and a transformer 
connect the stator winding of PMSG to the grid. Grid Side 
Converter (GSC) and machine side converter (MSC) are linked 
together by a  DC-link capacitor [7]. This method has the 
benefits of great efficiency, no additional power source for 
field excitation is needed, and better reliability due to the 
absence of slip rings and gearbox [8]. When the PCC voltage 
declines owing to grid faults, the GSC current rises to keep the 
grid powered. The GSC current reaches its maximum with a 
high voltage drop, and power fed into the grid drops. Thus, a 
voltage drop at PCC will go unnoticed by the GSC controller 
since MSC continues to send real power via the DC-link 
capacitor. According to Babagharbani et al. [9] and Nasiri et al. 
[10], power imbalance rises the DC-link voltage and, if not 
properly managed, destroys the capacitor, which eventually 
damages the GSC and MSC. Hence, PMSG would not 
withstand significant voltage dips without protective hardware. 
Crowbar is the most well-known protection circuit-based 
method for isolating MSC [11]; it is linked across the rotor 
windings terminals and used only when there is a problem 
safeguarding the MSC by dissipating excess power using a DC 
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crowbar or DC chopper. Due to the crowbar’s lower impedance 
as compared to the DC-link capacitor, Surplus power resulting 
from grid disturbance is routed to the crowbar and discarded 
[12]. The crowbar technique has several drawbacks, including 
the need for a huge resistor bank to dissipate MWs of power, a 
cooling system to disperse the heat produced by the crowbar, 
and the inability to meet grid code requirements [13].  A buck-
boost converter connects an energy storage system (ESS) to the 
DC-link capacitor [14]. ESS absorbs the extra energy of the 
DC-link during a faulty event, preventing the DC-link from 
exceeding its voltage. After a problem has been cleared, the 
stored energy is sent to the grid network, improving the LVRT 
capabilities of the PMSG-based WECS. However, batteries 
have a slow discharge rate and less storage capacity.  

To sum up, PMSGs are susceptible to Voltage Drop 
(VD) during faults. Still, new grid codes demand that they are 
not disconnected or shut down during such periods within an 
allowable time and should also provide reactive power support. 
For this reason, a strong FRT approach is required. A novel 
SMES-PMSG system is proposed in this work. SMES stores 
electricity and keeps the PCC's voltage constant. MSC and 
GSC are regulated to enhance power-sharing and SMES 
control to maintain PCC voltage and decrease transient 
duration. The system is tested under symmetrical grid voltage 
dip conditions. The suggested approach is less difficult and 
produces faster results.  

The paper's contribution is summarized as follows. 

 Proposed a novel hybrid energy system architecture based 
on PMSG and SMES. 

 SMES control is designed to maintain PCC voltage, reduce 
transient time, and achieve FRT. 

 

2. Power system model 
The grid connected PMSG based wind power system 
considered in this study is depicted in Fig.1. It includes a wind 
turbine, a PMSG with a back-to-back converter, a grid side LC 
filter and three phase transmission lines. 
       

 
 

2.1. FRT during grid symmetric voltage sag fault. 
Vector control technique of GSC gives an output power as 𝑃௚௦௖  
[15]. 

 𝑃௚௦௖ =
ଷ

ଶ
𝑉௚௦௖ 𝑖௚௦௖ௗ       (1) 

Where 𝑃௚௦௖ is the active power supplied to grid; 𝑖௚௦௖ௗ  is the 
GSC d-axis current; 𝑉௚௦௖  is the PCC voltage. 
The dc-power links balance is [16]. 
ଵ

ଶ
𝐶

ௗ௏೏೎
మ

ௗ௧
= 𝑃௠௦௖ − 𝑃௚௦௖ = ∆𝑃                                        (2) 

where 𝐶 represents capacitor capacitance; 𝑃௠௦௖  represents 
MSC output active power; 𝑉ௗ௖  represents dc voltage; ∆𝑃 stands 
for dc-link extra power. In the event of grid fault, the 𝑉௚௦௖  will 
rapidly fall. According to equation (1), the 𝑃௚௦௖ will start to 
decline when 𝑖௚௦௖  reaches its limit due to the dip in PCC 
voltage. However, from equation (2), the dc voltage will 
excessively be raised, resulting in converter damage.  
 

2.2. Machine side converter control. 
MSC is a two-level voltage source converter (VSC) comprising 
six (6) IGBTs in a three-leg bridge configuration. As shown in 
Fig. 2, the cascaded control generates PWM to trigger the 
IGBTs. The MSC converts AC electricity to DC power. 
 

 
Figure 2: MSC control 

2.3. Grid side converter control 

The GSC is similar to the MSC, but it converts DC power to 
AC power. As illustrated in Fig. 3, the cascaded control 
generates the PWM. The phase-locked loop synchronizes the 
inverter and grid voltages. 

  

Figure 3: GSC control 

2.4. DC-link and SMES model 

The SMES coil is connected to the DC-link bus, as shown in 
Fig. 1. The SMES is linked to the DC/DC chopper converter 

Figure 1: The basic topology of PMSG wind turbine system with 
SMES experiencing symmetrical voltage sags (dips). 
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through a two-quarter IGBT-based DC/DC chopper converter 
to keep the DC-link voltage constant during transient faults. It 
may also act as a fault current limiter. The coil is bathed in 
helium to keep it cool and superconducting. Figure 4 shows a 
DC/DC chopper with two IGBTs and two diodes. A controller 
turns on the IGBTs during the charging condition. The IGBTs 
are turned off in the discharging condition, and the SMES 
discharges through the diodes. In the no-charge/discharge 
condition, a DC circulates between the coil, IGBTs, and diode. 

 

Figure 4: Operating modes of the SMES coil. (a) Charging, (b) 
Discharging 

3. FRT control Method 

In the suggested concept, energy held in SMES is 
automatically released to enhance system performance in grid 
fault situations. Thus, SMES reduces DC-link voltage 
fluctuations resulting from reduced active power during grid 
voltage symmetrical dips. A compensating voltage is promptly 
injected into the PMSG terminal to boost the FRT capabilities. 

In the proposed control system depicted in Fig. 1, the voltage 
is stabilized by adjusting the SMES exchange power as 
follows: 

1- After calculating the SMES power, the choice is made 
whether to charge or discharge SMES using switches, as 
illustrated in Fig. 4. 

2- As illustrated in Fig. 5, the PI controller regulates the error 
signal and creates the duty cycle D, compared to a triangle 
signal with a frequency of 10 kHz. 

3- The charging state happens when D > 0.5 and discharging 
state if D < 0.5. when D= 0.5, there is no charge or 
discharge, and that process is termed Idle state. 

 

Figure 5: Schematic diagram of SMES controller 

4. Case Study. 
To test the suggested control strategy's efficacy, a 1.5 MW 
PMSG integrated with SMES is constructed. Table 1 shows 
some key parameters of SMES and PMSG. The voltage sag 
condition occurred between t=4(s) and t=5(s).  

Table 1: System parameters 
 

Rated power 
1.5 
MW 

Voltage 575 V 

Rated rotor voltage 1750 V Frequency 60 Hz 

Rated wind speed 12 m/s DC-Voltage 1150 V 

Inductance of 
SMES  

10.73 
Critical 
current of 
SMES 

3375A 

 
4.1. Faulty Condition. 
Fig. (5) depicts the impact of voltage sag on PMSG WECS. 
Fig. 5(a) depicts a 90% decline in grid voltage, which 
substantially impacts grid power quality. The grid-connected 
current shown in Fig. 5 (b) of the PMSG WECS is prolonged 
beyond the fault period causing active power Fig. 5 (c) and 
reactive power Fig 5 (d) to be absorbed by the WECS at rates 
of 1.2 MW and 0.07Mvar, respectively. In addition, Fig 5 (e) 
depicts the DC-link voltage imbalance caused by substantial 
changes in the GSC’s input and output power; when Dc link 
capacitor voltage exceeds the 2300V mark, the machine 
without protection will be forced to shut down. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 
 

 
Figure 5(a-e): Shows the performance of PMSG wind turbine during 
grid voltage sag conditions without protection.  
 
4.2 LVRT of the Wind Power System 
As illustrated in Fig. 6(a), the suggested control approach limits 
the grid-connected current to the maximum permitted time 
frame equal to the voltage sag condition. As demonstrated in 
Fig.6(b & c), the wind turbine and generator-side converter 
both retain regular functioning throughout the dip, allowing the 
generator's output power to remain almost constant. The grids 
average active power intake declines from 1.5 to 0.18 MW 
(shown in Figure 6(b)), and with the help of SMES steadily 
after the fault clearing time, active power is being restored to 
its rated 1.5MW, and reactive power in Figure 6(c) is kept 
steadily close to 0 Mvar to prevent any reverse flow of power. 
Without SMES, the DC-link voltage rises fast, threatening the 
regular functioning of the PMSG WECS. Fig. 6(d) shows how 
the bi-directional DC-DC chopper controls the collected power 
in the DC bus so that the SMES can absorb it and keep the DC 
bus voltage within an operatable range. Meanwhile, the current 
charge of SMES during the said condition is shown in Figure 
6(e). 
 

 

Figure 6(a-e): Shows the performance of PMSG wind turbine during 
grid voltage sag conditions with the proposed protection scheme. 

 
5. Conclusion 

A new combination scheme based on SMES for improving the 
FRT capability of PMSG has been proposed and validated. The 
fundamental idea, system topology, control method, simulation 
verification, and performance assessment have been 
completed. The simulation results verifies that the proposed 
SMES device can support PCC active power and sustain dc-
link voltage during grid disturbances. Thus, the suggested FRT 
approach improves the FRT capability of the PMSG system. 

 
 
 
 
 
 
 
 
 
 
 
 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 
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