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Abstract—Simultaneous protection of sensitive renewable power generators and sensitive loads under 
transient voltage disturbances is an urgent issue in current power systems. Most existing solutions are 
based on separate custom power devices and energy storage systems. To efficiently utilize renewable 
energy under voltage sags and reduce energy storage capacity, a current-source-inverter interline dynamic 
voltage restorer (CSI-IDVR) based on superconducting magnetic energy storage (SMES) is proposed. The 
current source topology is designed for the IDVR to obtain a more appropriate current rise limitation and a 
lower number of switches. The CSI-based voltage dual control is designed and implemented to suppress the 
voltage oscillations, ensuring the transient stability of the sensitive renewable power generator and 
sensitive loads during asymmetric faults of the grid. An internet data center (IDC) combined with a typical 
renewable energy generator, i.e., doubly-fed induction generator (DFIG) is analyzed. Under transient voltage 
disturbances, the proposed CSI-IDVR can maintain the appropriate voltage profiles of the DFIG and IDC. 

Compared to the separate DVRs, the required SMES capacity in the CSI-IDVR can be substantially reduced. 

The feasibility and performance of the proposed CSI-IDVR are verified by numerical simulation.  
 

Keywords—Internet data center, superconducting magnetic energy storage, doubly-fed induction 
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0. Nomenclature 

𝐶f, 𝐿f Capacitance and inductance in the CL 

filter, respectively 

𝑭 Voltage and current vector 

𝑓𝛼 , 𝑓𝛽 Amplitude of the vector component on 

the 𝛼 and 𝛽 axes, respectively 

𝐼SMES0 Initial current of SMES 

𝐼SMES
′  Current of SMES after voltage sag 

𝐼SMES,op Operating current of SMES 

𝐼o1〈1〉, 𝐼o2〈1〉 Root-mean-square values of the output 

currents fundamental components of 

converters on the DFIG and IDC sides, 

respectively 

𝐼g1, 𝐼g2 Transmission currents of DFIG and IDC, 

respectively 

𝐿SMES Inductance of superconducting coil 

𝐿m Mutual inductance 

𝑃DFIG, 𝑃IDC Output power of DFIG and input power 

of IDC, respectively 

𝑃DFIG
∗ , 𝑃IDC

∗  Rated power of DFIG and IDC, 

respectively 

𝛥𝑃DFIG, 𝛥𝑃IDC Fluctuated power of DFIG and IDC, 

respectively 

𝑃SMES Power exchange of the SMES 

𝑃DFIG
′ , 𝑃IDC

′  Output power of DFIG terminal and input 

power of IDC terminal, respectively 

𝑝 Voltage sag ratio 

𝑡sag Duration time of voltage sag 

𝜏s Time constant of the stator 

𝜎 Leakage coefficient 

𝜔1 Angular frequency of grid 

𝜑𝑜𝑢+, 𝜑𝑜𝑖+ Voltage initial phase and current initial 

phase of IDC side, respectively 

𝜑𝑜𝑢−, 𝜑𝑜𝑖− Initial phases of negative sequence 

voltages and currents of IDC side, 

respectively 

Subscript c Compensation variables of the DVR 

Subscripts  
DFIG, IDC 

Variables of DFIG side and IDC side, 

respectively 

Subscript 𝑑𝑞 Variables in the 𝑑𝑞 synchronous rotating 

reference frame 

Subscripts 

𝑑, 𝑞 

Components of the variable on the d-axis 

and the q-axis, respectively 

Subscript g Grid side variables 

Subscript o Output variables of the converter 
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Subscripts 

P, N 

Positive- and negative- sequence 

components of voltage or current, 

respectively 

Subscript ref Reference value of variables 

Subscripts 

s, r 
Variables in stator and rotor sides of 

DFIG, respectively 

Subscript 𝛼𝛽 Variables in the stationary 𝛼𝛽 reference 

frame 

Subscripts 

" + ", " − " 
Positive and negative sequence 

components, respectively 

Superscript 

os 
Variables in case of asymmetric fault 

Superscript 

sag 
Variables in case of symmetric fault 

Superscripts 

" + ", " − " 
The (𝑑𝑞+)  and (𝑑𝑞−)  reference frames, 

respectively 

 

1. Introduction 
With the development of network technology and big 

data applications, the internet data centers (IDCs) have 

become widely distributed power electronic loads 

nowadays, which are devoted to collecting and 

processing a large amount of computing data [1]. An IDC 

comprising hundreds of servers for data processing will 

consume a great amount of power. According to the 

EPRI report, IDCs will consume 20% of the electricity 

generated in the United States by 2030 [2]. To address 

the huge energy consumption of the IDCs, in recent 

years, integrating renewable energy sources, such as 

photovoltaics and wind turbines, into the IDC power 

supply system has attracted great attention, and the 

research on related composite systems has also been 

carried out [3-5]. Nowadays, IDCs are typically powered 

jointly by renewable energy power supplies and the 

utility grid [3].  

For wind power generation, doubly-fed induction 

generators (DFIGs) are widely adopted in the wind 

power industry because of their excellent performance. 

A DFIG allows variable-speed power generation, making 

better use of wind resources under different wind 

conditions. Its cost is reduced due to the use of 25-30% 

rated power converters and the control scheme is 

matured [6,7].  

The increased implementation of IDCs and the 

growing need for internet-based services require a more 

stable and reliable power supply system having a 

premium power supply. Power quality issues, especially 

the symmetrical and asymmetrical voltage sags, have 

attracted increasing attention in modern power systems 

[8]. Frequently-occurring voltage quality problems might 

lead to device data loss, hardware damage, and system 

crashes, seriously affecting power consumers and 

utilities and causing irreparable losses. In a data center 

system, voltage quality problems can lead to: (i) the 

transformation of operation mode and reconfiguration of 

structure in the IDC, and (ii) even operational failure of 

the IDC power supply system. Equipment and labor loss 

have cost millions of dollars to solve the power system 

failure [9,10]. Furthermore, the direct connection of the 

DFIG stator windings to the grid makes it more 

vulnerable to power quality problems, such as voltage 

imbalance, low-voltage faults, and grid distortion [11,12]. 

When DFIGs and IDCs are combined in a power system, 

the protection of both should be taken more seriously to 

avoid the influence of voltage quality problems. 

Currently, uninterruptable power supplies (UPSs) 

[13,14], static synchronous compensators (STATCOMs) 

[15], unified power quality conditioners (UPQCs) [16-18], 

and dynamic voltage restorers (DVRs) [19,20], etc., are 

commonly used to solve power quality problems and 

protect sensitive loads. As an emerging customized 

power supply equipment, the DVR is an advanced and 

economical voltage sag mitigation equipment for the 

distribution system, effectively protecting sensitive 

generators/loads by injecting a specific serial voltage 

[21]. 

A traditional DVR consists of a voltage source inverter 

(VSI) and an isolation transformer in series with the 

transmission line between the utility grid and the 

sensitive loads/generators. The purpose of the DVR is to 

maintain the voltage profile of the sensitive 

loads/generators by injecting a certain compensating AC 

voltage into the three-phase network [12]. Furthermore, 

considering the potential risk of the system suffering 

from a severe voltage sag, an additional energy storage 

device (ESD) is also required to perform energy 

conversion with the system. The power and response 

speed of the ESD should be large and fast enough to 

meet the actual power demand [22]. Various ESDs have 

been extensively studied to solve the power quality 

problems of DFIG, such as battery energy storage (BES) 

[23,24], supercapacitor energy storage (SCES) [25,26], 

superconducting magnetic energy storage (SMES) [17], 

and flywheel energy storage (FES) [27, 28]. Among 

them, SCES and SMES have higher power density and 

can respond quickly during transient faults to meet the 

corresponding requirements, while the response speed 

of BES and FES is slightly inferior. 

When multiple sensitive loads in a power system are 

powered from different feeders, to reduce the overall 

capital cost of the DVR devices, the concept of interline 

DVR (IDVR) can be used as the reference [29, 30]. An 

IDVR comprises multiple serial inverters and 

transformers, and all the inverters share a common DC 

bus. It can maintain the voltage levels of various 

sensitive loads simultaneously, even if they have 

different voltage levels. Compared to DVR cluster 

protection systems with independent energy storage 

units for loads, sharing a common DC link can reduce 

the size of energy storage capacity and significantly 

lower the cost of custom power devices [31-35]. 

However, when a fault occurs in the utility grid and all 

the feeders experience a voltage sag, the sum of the 
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required energy capacity of the energy storage in an 

IDVR is the same as that of separate DVRs. It is 

noteworthy that the capital cost of the energy storage 

occupies a large amount of the implementation of IDVR. 

From this perspective, the capital cost of the DVR 

cannot be efficiently reduced by interline structure 

modification. 

Suppose the energy of the DC link can be replenished 

simultaneously by some means when injecting 

compensating power to sensitive loads. In this case, the 

required capacity of the energy storage will be 

substantially reduced, and the IDVR will be capable of 

mitigating long-duration voltage sags. It is notable that 

when the DVR is utilized to enhance the low-voltage 

ride-through (LVRT) capability of renewable energy 

sources, the produced energy of the renewable sources 

will be absorbed into the DVR [17, 19, 36]. In view of this, 

the renewable-based IDC power system exactly fits the 

above-mentioned mechanism. Besides, compared to the 

VSI-based DVR, a current-source-inverter (CSI)-based 

DVR is an emerging serial custom power device that has 

been broadly investigated recently [37-40]. Different from 

the VSI, the CSI is equipped with inductive-type energy 

storage in series with the DC bus to emulate supplying 

the inverter with a current source and features a lower 

number of switches, low switching dv/dt [38,41], and 

structural simplicity. Due to the existence of the inductor, 

a CSI-based DVR can efficiently constrain the change 

rate of a fault current during voltage abruption while 

enhancing the load voltage to the rated profile. The fault 

current limiting characteristic of the CSI has been 

incorporated in some custom power devices, such as 

superconducting fault current limiter – magnetic energy 

storage (SFCL-MES) [42,43] and CSI-based STATCOM 

[44]. It is also noteworthy that sensitive loads always 

have a very strict voltage tolerant curve (within 

millisecond level) to be compensated under voltage sags 

[45,46]. To achieve an extremely fast compensating 

operation, SMES could be an effective solution. As a 

magnetic ESD, the superconducting inductor can be 

charged or discharged immediately. Its charge/discharge 

response time depends almost exclusively on the 

activation of power electronic switches. What is even 

more remarkable is that the current-type energy storage 

characteristic of the SMES matches the current source 

requirement of the CSI [37, 47]. 

Following the thoughts mentioned above, an SMES-

based CSI-IDVR is proposed and modeled to 

simultaneously protect the sensitive generator and 

sensitive load. Fig. 1 shows schematically the 

composited data center and renewable energy source 

power system with an SMES-based CSI-IDVR. The 

renewable power generator (RPG) and the IDC with the 

same power level are separately connected to the utility 

grid via individual transformers. During normal 

operations, RPG does not directly supply power to IDC, 

but transmits energy to the utility grid. When a voltage 

sag occurs in the utility grid, the energy can be 

transferred from the RPG to the IDC. Depending on the 

power variation of the RPG and IDC influenced by wind 

speed and active servers, the SMES only needs to 

correspondingly compensate for the power difference 

between the RPG and the IDC, which can greatly reduce 

the SMES capacity requirement in IDVR. A CSI-

applicable voltage dual control is also presented and 

analyzed in this paper, guaranteeing accurate 

maintenance of the voltage profiles of the RPG and IDC 

under asymmetrical fault. 

The rest of this paper is organized as follows. Section 

2 introduces the renewable energy data center power 

system integrated with SMES-based CSI-IDVR. Section 

3 theoretically analyzes the dynamic response of DFIG 

and IDC under grid fault in detail. Section 4 describes 

the modeling of the proposed SMES-based CSI-IDVR 

and presents its control strategies. Simulation results are 

presented in Section 5 to demonstrate the feasibility of 

the proposed scheme. Section 6 draws the conclusion.  
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Fig. 1. Scheme of the composited data center and renewable energy 

source power system with SMES-based CSI-IDVR. 

 
2. Power flow of the renewable energy data 
center power system with SMES-based CSI-
IDVR 

Since DFIG is a widely used RPG, this paper takes 

DFIG as an example to analyze the power flow of the 

SMES-based CSI-IDVR-integrated system. Fig. 2(a) and 

(b) show the power flow of the renewable energy data 

center power system with the SMES based CSI-IDVR 

under normal and voltage sag fault conditions. It can be 

seen from the Fig. 2 that the DFIG is connected to the 

grid via a 690 V/35 kV transformer, the IDC is connected 

to the grid via a 1 kV /35 kV transformer, and two 

current-source DVRs are connected in series with the 

transmission lines in front of the DFIG and IDC, 

respectively, and share a common DC link and SMES to 

form the IDVR. The analysis of power flow 

characteristics under different conditions is summarized 

as follows: 

1) During normal operations, the output power of the 

DFIG 𝑃DFIG  varies with the wind speed, and the input 

power of the IDC 𝑃IDC varies with the number of activities 

of its servers. 

The output power of the DFIG and the input power of 

the IDC can be expressed as follows: 
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Fig. 2. Power flow of the renewable energy data center power system under different operations, (a) normal operation, (b) voltage sag condition. 

Cooling System

220V
AC

PDU
PSU

12V

Fan

Computing
Loads

Lighting System

Server RackServer Room

380V DC
VR

Grid

 
Fig. 3. Scheme of the IDC with AC power system. 

 

 {
𝑃DFIG = 𝑃DFIG

∗ + 𝛥𝑃DFIG
𝑃IDC = 𝑃IDC

∗ + 𝛥𝑃IDC
 (1) 

where 𝑃DFIG
∗  and 𝑃IDC

∗  represent the rated power of DFIG 

and IDC, respectively. The fluctuated power of the DFIG 

and IDC, i.e., 𝛥𝑃DFIG and 𝛥𝑃IDC, are variable. 

During voltage sag conditions, IDVR will quickly 

maintain the voltage levels of DFIG and IDC to improve 

the LVRT capability of DFIG and ensure the normal 

operation of IDC. According to (1), there are three 

different relationships between 𝑃DFIG and 𝑃IDC: 
2) When 𝑃DFIG > 𝑃IDC, the SMES will absorb part of the 

power of the DFIG, and the power exchange of the 

SMES 𝑃SMES can be expressed as: 

 𝑃SMES = 𝑝𝑃IDC − 𝑝𝑃DFIG (2) 

where 𝑝𝑃IDC < 𝑝𝑃DFIG. 𝑝 represent the voltage sag ratio. 

The power of the DFIG output to the grid 𝑃DFIG
′  and the 

power of the IDC input from the grid 𝑃IDC
′  can be 

expressed as follows: 

 {
𝑃DFIG
′ = (1 − 𝑝)𝑃DFIG
𝑃IDC
′ = (1 − 𝑝)𝑃IDC

 (3) 

Assuming that the duration of voltage sag, the initial 

current of SMES, and the current of SMES after voltage 

sag are 𝑡sag ,  𝐼SMES0 , and 𝐼SMES
′ , the following equation 

can be obtained: 

 
1

2
𝐿SMES(𝐼SMES

′ 2
− 𝐼SMES0

2 ) = (𝑝𝑃DFIG − 𝑝𝑃IDC)𝑡sag (4) 

3) When 𝑃DFIG = 𝑃IDC , there is 𝑝𝑃IDC = 𝑝𝑃DFIG . The 

output power of the SMES to the IDC is the same as the 

input power from 𝑃DFIG. 

4) When 𝑃DFIG < 𝑃IDC, the SMES will release part of 

the energy to compensate IDC. Similarly, the following 

equation can be obtained: 

 
1

2
𝐿SMES(𝐼SMES

′ 2
− 𝐼SMES0

2 ) = −(𝑝𝑃DFIG − 𝑝𝑃IDC)𝑡sag (5) 

 
3. System component 
3.1. The power model of IDC in the system 

The Scheme of the IDC with an AC power system is 

shown in Fig. 3. It mainly consists of a cooling system, a 

lighting system, power distribution units (PDUs), power 

supply units (PSUs), voltage regulators (VRs), server 

fans, and computing loads. AC utility power will be 

converted in multiple steps within the IDC to different 

voltage levels. The cooling system, lighting system, and 

PDUs are connected to the 1 kV common bus and then 

connected to the grid via a 1 kV/35 kV step-up 

transformer. 

The cooling system generally comprises computer 

room air handlers, water pumps, chiller, cooling tower, 

and server fans in server racks [1]. The main function of 

PDU is to down the voltage to an appropriate level. PUD 

in this system mainly supplies power to server racks via 

a 1 kV/220 V transformer. The PSU, which is mainly 

composed of an AC-DC boost converter and a DC-DC 

power-electronic transformer, needs to convert the AC 

voltage in the line into the DC level voltage required by 

various server components. The PSU has the function of 

power factor correction, which can avoid presenting a 

reactive component to the distribution system. A 12 V 

DC power from PSU will supply power to VR, server fan, 

and computing load in this system. 

1) To explain the operation status of the IDC under 

transient fault in detail, it is necessary to establish a 

mathematical model. Under normal operation, the 

complex power obtained by the IDC from the grid in the 

stationary 𝛼𝛽 reference frame can be expressed as: 

 𝑆IDC
∗ = 𝑃IDC

∗ + 𝑗𝑄IDC
∗ =

3

2
𝑼IDC𝛼𝛽
∗ ∙ 𝑰̂IDC𝛼𝛽

∗  (6) 

where 𝑃IDC
∗  and 𝑄IDC

∗  are the rated active and reactive 

power of the IDC, respectively, 𝑼IDC𝛼𝛽
∗  and 𝑰IDC𝛼𝛽

∗  are 

rated terminal voltage and current of the IDC under 𝛼𝛽 

model, respectively. 𝑰̂IDC𝛼𝛽
∗  is the conjugate of the 

current 𝑰IDC𝛼𝛽
∗ . 
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2) Assuming a symmetric voltage sag occurs in the 

power system with a depth of 𝑝 at t=0, the IDC terminal 

voltage 𝑼IDC𝛼𝛽 and current 𝑰IDC𝛼𝛽 can be expressed as: 

 𝑼IDC𝛼𝛽(𝑡) = {
𝑈IDC
∗ e𝑗(𝜔1𝑡+𝜑𝑜𝑢+), 𝑡 < 0

(1 − 𝑝)𝑈IDC
∗ e𝑗(𝜔1𝑡+𝜑𝑜𝑢+), 𝑡 ≥ 0

 (7) 

 𝑰IDC𝛼𝛽(𝑡) = {
𝐼IDC
∗ e𝑗(𝜔1𝑡+𝜑𝑜𝑖+), 𝑡 < 0

(1 − 𝑝)𝐼IDC
∗ e𝑗(𝜔1𝑡+𝜑𝑜𝑖+), 𝑡 ≥ 0

 (8) 

where 𝜔1 , 𝜑𝑜𝑢+ and 𝜑𝑜𝑖+  represent the angular 

frequency of the grid and voltage and current initial 

phase, respectively. The complex power under voltage 

sag fault can be then derived as: 

𝑆IDC
sag
= (1 − 𝑝)2

3

2
𝑼IDC𝛼𝛽
∗ ∙ 𝑰̂IDC𝛼𝛽

∗  

= (1 − 𝑝)2(𝑃IDC
∗ + 𝑗𝑄IDC

∗ )  (9) 

3) When an asymmetrical voltage sag occurs in the 

system at t=0, the terminal voltage and current of the 

IDC can be expressed as: 

𝑼IDC𝛼𝛽(𝑡) = 

 {
𝑈IDC
∗ e𝑗(𝜔1𝑡+𝜑𝑜𝑢+),

𝑈IDCPe
𝑗(𝜔1𝑡+𝜑𝑜𝑢+) + 𝑈IDCNe

𝑗(−𝜔1𝑡+𝜑𝑜𝑢−),

𝑡 < 0
𝑡 ≥ 0

 (10) 

𝑰IDC𝛼𝛽(𝑡) = 

 {
𝐼IDC
∗ e𝑗(𝜔1𝑡+𝜑𝑜𝑖+),

𝐼IDCPe
𝑗(𝜔1𝑡+𝜑𝑜𝑖+) + 𝐼IDCNe

𝑗(−𝜔1𝑡+𝜑𝑜𝑖−),

𝑡 < 0
𝑡 ≥ 0

 (11) 

where  𝜑𝑜𝑢−  and 𝜑𝑜𝑖−  represent the initial phases of 

negative sequence voltages and currents, respectively. 

Subscripts P , N  represent the positive- and negative-

sequence components of the amplitudes, respectively. 

Substituting (10) and (11) into (6), the complex power 

expression under asymmetric fault can be obtained as: 

𝑆IDC
os =

3

2
[(𝑈IDCPe

𝑗(𝜔1𝑡+𝜑𝑜𝑢+) + 𝑈IDCNe
𝑗(−𝜔1𝑡+𝜑𝑜𝑢−))

∙ (𝐼IDCPe
𝑗(𝜔1𝑡+𝜑𝑜𝑖+) + 𝐼IDCNe

𝑗(−𝜔1𝑡+𝜑𝑜𝑖−))] 

=
3

2
[𝑈IDCP𝐼IDCPe

𝑗(𝜑𝑜𝑢+−𝜑𝑜𝑖+) + 𝑈IDCN𝐼IDCNe
𝑗(𝜑𝑜𝑢−−𝜑𝑜𝑖−) +

𝑈IDCP𝐼IDCNe
𝑗(2𝜔1𝑡+𝜑𝑜𝑢+−𝜑𝑜𝑖−) +

𝑈IDCN𝐼IDCPe
𝑗(−2𝜔1𝑡+𝜑𝑜𝑢−−𝜑𝑜𝑖+)] (12) 

Analyzing (12), one can simply express the 

components of the complex power under asymmetrical 

fault as follows: 

𝑆IDC
os = 𝑃IDC0

os + 𝑗𝑄IDC0
os +

𝑃IDCcos2 cos(2𝜔1𝑡) + 𝑃IDCsin2 sin(2𝜔1𝑡)⏟                          
𝑃𝐼𝐷𝐶2
os

+

𝑗[𝑄IDCcos2 cos(2𝜔1𝑡) + 𝑄IDCsin2 sin(2𝜔1𝑡)⏟                          
𝑄IDC2
os

] (13) 

The existence of 𝑃IDC2
os  and 𝑄IDC2

os  indicate that under 

unbalanced voltage faults, there are active and reactive 

power fluctuations with twice the grid frequency in 

addition to the average active and reactive power 

transmitted from the grid. It will significantly affect the 

operation of the IDC. The DC bus voltage of the server 

rack will contain a DC oscillation component with the 

frequency of 2𝜔1 , and the computing loads will be 

influenced. The motors of the cooling system may be 

destroyed, causing a tremendous loss of revenue. 

3.2. Modeling of DFIG under voltage sags 

DFIG

Grid

Fig. 4. Scheme of the DFIG with AC power system. 

 

The scheme of the DFIG with an AC power system is 

shown in Fig. 4. The stator of the DFIG is connected to 

the grid via a 690 V/35 kV transformer, and the rotor of 

the DFIG is connected to a back-to-back PWM converter.  

To illustrate the transient dynamics of the DFIG in the 

case of symmetrical and asymmetrical voltage sags, a 

theoretical analysis is carried out to describe the 

responses of the critical variables in DFIG. 

The DFIG stator and rotor voltages and flux linkages 

in the stationary 𝛼𝛽 reference frame can be expressed 

as [48]: 

 

{
 
 

 
 𝑼s𝛼𝛽 = 𝑅s𝑰s𝛼𝛽 +

d𝝍s𝛼𝛽

d𝑡

𝑼r𝛼𝛽 = 𝑅r𝑰r𝛼𝛽 +
d𝝍r𝛼𝛽

d𝑡
− 𝑗𝜔r𝝍r𝛼𝛽

𝝍s𝛼𝛽 = 𝐿s𝑰s𝛼𝛽 + 𝐿m𝑰s𝛼𝛽
𝝍r𝛼𝛽 = 𝐿m𝑰s𝛼𝛽 + 𝐿r𝑰r𝛼𝛽

 (14) 

where 𝑼, 𝑰 and 𝝍 represent the vector form of voltage, 

current and flux linkage, respectively. 𝑅 , 𝐿  and 𝜔 

represent the resistance, inductance, and angular 

frequency, respectively. Subscripts s and r represent the 

stator side and rotor side, respectively. 𝐿m is the mutual 

inductance. 

By synthesizing four equations in (14), the space 

vector of the rotor voltage can be obtained as [36]: 

𝑼r𝛼𝛽 = (𝑅r − 𝑗𝜔r𝜎𝐿r)𝑰r𝛼𝛽 + 𝜎𝐿r
d

d𝑡
𝑰r𝛼𝛽   

+
𝐿m

𝐿s
(𝑼s𝛼𝛽 − 𝑅s𝑰s𝛼𝛽 − 𝑗𝜔r𝝍s𝛼𝛽) (15) 

where 𝜎 = 1 − 𝐿m
2 /𝐿s𝐿r  is the leakage coefficient. The 

stator voltage in the stationary 𝛼𝛽 reference frame is a 

rotation vector rotating at the synchronous speed 𝜔s , 

whose stator voltage amplitude is 𝑈s . It can be 

expressed as: 

 𝑼s𝛼𝛽 = 𝑈se
𝑗𝜔s𝑡 (16) 

Neglecting the stator resistance 𝑅s  and substituting 

(16) into the (14), the expression of flux linkage can be 

obtained as follows: 

 𝝍s𝛼𝛽 = ∫𝑼s𝛼𝛽 =
𝑈se

𝑗𝜔s𝑡

𝑗𝜔s
 (17) 

According to (17), (15) can be rewritten as: 

𝑼r𝛼𝛽 = (𝑅r − 𝑗𝜔r𝜎𝐿r)𝑰r𝛼𝛽 + 𝜎𝐿r
d

d𝑡
𝑰r𝛼𝛽⏟                    

𝑼r𝛼𝛽𝑅𝐿

+
𝐿m
𝐿s
(𝑠𝑈se

𝑗𝜔s𝑡

⏟        
𝑬r𝛼𝛽

) 

  (18) 

where 𝑼r𝛼𝛽𝑅𝐿 is the voltage drop generated by the rotor 

current flowing through the rotor resistance 𝑅r  and 

transient inductive reactance 𝜎𝐿r , 𝑬r𝛼𝛽  is the induced 

electromotive force generated by the rotor flux linkage, 

and 𝑠 = (𝜔s − 𝜔r)/𝜔s is the slip. 
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Assuming a symmetrical voltage sag fault with a depth 

of 𝑝  occurs in the system at t=0, the (16) can be 

rewritten as: 

 𝑼s𝛼𝛽(𝑡) = {
𝑈se

𝑗𝜔s𝑡 ,

(1 − 𝑝)𝑈se
𝑗𝜔s𝑡 ,

𝑡 < 0
𝑡 ≥ 0

 (19) 

From (17) and (19), it is apparent that the stator flux 

linkage at a steady state can be expressed as: 

 𝝍s𝛼𝛽(𝑡) = {

𝑈se
𝑗𝜔s𝑡

𝑗𝜔s
, 𝑡 < 0

(1−𝑝)𝑈se
𝑗𝜔s𝑡

𝑗𝜔s
, 𝑡 ≥ 0

 (20) 

Assuming that the rotor side of DFIG is open-circuited, 

i.e., 𝑰s𝛼𝛽 = 0, following the (14), the stator voltage can 

be obtained as follows: 

 𝑼s𝛼𝛽 =
𝑅s

𝐿s
𝝍s𝛼𝛽 +

d

d𝑡
𝝍s𝛼𝛽 (21) 

Solving (21) with (20), the stator flux can be further 

derived as follows: 

𝝍s𝛼𝛽(𝑡) =

{
 

 
1

𝑗𝜔s
𝑈se

𝑗𝜔s𝑡 , 𝑡 < 0

1

𝑗𝜔s
(1 − 𝑝)𝑈se

𝑗𝜔s𝑡 +
1

𝑗𝜔s
𝑝𝑈se

−𝑡 𝜏s⁄ , 𝑡 ≥ 0

 

  (22) 

where 𝜏s = 𝐿s 𝑅s⁄  is the time constant of the DFIG stator. 

Substitute (22) into 𝑬r𝛼𝛽  in (18), and convert it to the 

rotor rotation frame, 𝑬r𝛼𝛽 can be expressed as: 

𝑬r𝛼𝛽
r =

𝐿m

𝐿s
[𝑠(1 − 𝑝)𝑈se

𝑗(𝜔s−𝜔r)𝑡 − (1 − 𝑠)𝑝𝑈se
𝑗𝜔r𝑡e−𝑡 𝜏s⁄ ]  

  (23) 

From (23), 𝑬r𝛼𝛽
r  contains two components: 1) an AC 

component rotating counterclockwise at the angular 

frequency 𝜔s −𝜔r , whose amplitude is directly 

proportional to 𝑠  and (1 − 𝑝)𝑈s ; 2) an AC component 

rotating clockwise at the angular frequency 𝜔r  whose 

amplitude is directly proportional to (1 − 𝑠)  and 𝑝𝑈s , 

decaying with the stator time constant 𝜏s. The amplitude 

of the second component is substantially large under 

transient condition, owing to the large values of (1 − 𝑠) 
and 𝑝𝑈s. 

Ignoring the rotor current, from the (14), the 

expression of the stator current can be obtained as [49]: 

 𝑰s𝛼𝛽 =
1

𝑗𝜔s𝐿s
(1 − 𝑝)𝑈se

𝑗𝜔s𝑡 +
1

𝑗𝜔s𝐿s
𝑝𝑈se

−𝑡 𝜏s⁄  (24) 

From (24), there is mainly an AC component and a 

decaying DC component in the stator current. Convert 

the stator current from stationary 𝛼𝛽 reference frame to 

𝑑𝑞 synchronous rotating reference frame, the (24) can 

be re-expressed as: 

 𝑰s𝑑𝑞 = 𝑰s𝑑𝑞0 + 𝑰s𝑑𝑞1e
−𝑗𝜔s𝑡e−𝑡 𝜏s⁄  (25) 

The output complex power of the stator can be 

expressed as: 

𝑆s
sag
= 𝑃s + 𝑗𝑄s = −

3

2
𝑼s𝑑𝑞 ∙ 𝑰̂s𝑑𝑞 

= −
3

2
(𝑢s𝑑 + 𝑗𝑢s𝑞)(𝑖s𝑑0 − 𝑗𝑖s𝑞0 + 𝑖s𝑑1e

𝑗𝜔s𝑡e−𝑡 𝜏s⁄

− 𝑗𝑖s𝑞1e
𝑗𝜔s𝑡e−𝑡 𝜏s⁄ ) 

= −
3

2
[𝑢s𝑑𝑖s𝑑0 + 𝑢s𝑞𝑖s𝑞0 + 𝑗(𝑢s𝑞𝑖s𝑑0 − 𝑢s𝑑𝑖s𝑞0) 

+(𝑢s𝑑𝑖s𝑑1 + 𝑢s𝑞𝑖s𝑞1)e
𝑗𝜔s𝑡e−𝑡 𝜏s⁄  

 +𝑗(𝑢s𝑞𝑖s𝑑1 − 𝑢s𝑑𝑖s𝑞1)e
𝑗𝜔s𝑡e−𝑡 𝜏s⁄ ] (26) 

Analyzing the components in (26), one can simplify 

(26) as the following: 

𝑆s
sag
= 𝑃s0

sag
+ j𝑄s0

sag
+ 𝑃ssin1 sin(𝜔s𝑡) e

−𝑡 𝜏s⁄⏟            

𝑃s1
sag

+

𝑗 𝑄ssin1 sin(𝜔s𝑡) e
−𝑡 𝜏s⁄⏟              

𝑄s1
sag

  (27) 

From (27), when a symmetrical voltage sag fault 

occurs, besides average active power and reactive 

power, the stator output power of the DFIG also includes 

decaying active and reactive power fluctuations with the 

angular frequency of 𝜔s. 
Considering an asymmetrical voltage sag fault in the 

system at t=0, the (19) can be rewritten as: 

 𝑼s𝛼𝛽(𝑡) = {
𝑈se

𝑗𝜔s𝑡 ,

𝑈sPe
𝑗𝜔s𝑡 + 𝑈sNe

−𝑗𝜔s𝑡 ,

𝑡 < 0
𝑡 ≥ 0

 (28) 

where 𝑈sP  and 𝑈sN  are the magnitudes of the positive 

and negative sequence components of the stator voltage 

after the voltage sags, respectively. Similar to the 

solution process of the formula (22), the expression of 

stator flux linkage can be obtained as: 

𝝍s𝛼𝛽(𝑡) =  

{

1

𝑗𝜔s
𝑈se

𝑗𝜔s𝑡 𝑡 < 0

𝑈sPe
𝑗𝜔s𝑡

𝑗𝜔s
+
𝑈s−𝑈sP

𝑗𝜔s
e−𝑡 𝜏𝑠⁄ +

𝑈sNe
−𝑗𝜔s𝑡

−𝑗𝜔s
+
0−𝑈𝑠N

−𝑗𝜔s
e−𝑡 𝜏s⁄ 𝑡 ≥ 0

(29) 

Substituting formula (29) into the (17), the 𝑬r𝛼𝛽  under 

asymmetrical fault can be re-expressed as: 

𝑬r𝛼𝛽
r =

𝐿m
𝐿s
[𝑠𝑈sPe

𝑗(𝜔s−𝜔r)𝑡 + (2 − 𝑠)𝑈sNe
𝑗(−𝜔s−𝜔r)𝑡 

−(1 − 𝑠)(𝑈s − 𝑈sP + 𝑈sN)e
−𝑗𝜔r𝑡e−𝑡 𝜏s⁄  (30) 

The above expression shows that under an 

asymmetrical fault, an additional third component of the 

𝑬r𝛼𝛽
r  appears with the angular frequency of −𝜔s −𝜔r. Its 

amplitude is proportional to (2 − 𝑠)𝑈sN. 

Assuming the DFIG rotor is open circuit and ignoring 

the rotor side current, the stator current, in this case, can 

be expressed as: 

𝑰s𝛼𝛽 =
𝑈sPe

𝑗𝜔s𝑡

𝑗𝜔s𝐿𝑠
+
𝑈s − 𝑈𝑠P
𝑗𝜔s𝐿s

e−𝑡 𝜏s⁄  

 +
𝑈𝑠Ne

−𝑗𝜔s𝑡

−𝑗𝜔s𝐿𝑠
+

0−𝑈sN

−𝑗𝜔s𝐿s
e−𝑡 𝜏s⁄  (31) 

As with the processing of the formula (27), (31) can be 

rewritten as: 

 𝑰s𝑑𝑞 = 𝑰s𝑑𝑞0 + 𝑰s𝑑𝑞1e
−𝑗𝜔s𝑡e−𝑡 𝜏s⁄ + 𝑰s𝑑𝑞2e

−𝑗2𝜔s𝑡 (32) 

Under an asymmetrical fault, the stator voltage can be 

expressed as: 

 𝑼s𝑑𝑞 = 𝑼s𝑑𝑞0 + 𝑼s𝑑𝑞2e
−𝑗2𝜔s𝑡 (33) 
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Fig. 5. Schematic diagram of the SMES-based CSI-IDVR. 
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Fig. 6. The equivalent circuit diagram of the converter 1 side grid-

connected model. 

 

The output complex power of the stator can be 

expressed as: 

𝑆s
os =

3

2
𝑼s𝑑𝑞 ∙ 𝑰̂s𝑑𝑞 

 =
3

2
(𝑼s𝑑𝑞0 + 𝑼s𝑑𝑞2e

−𝑗2𝜔s𝑡)(𝑰s𝑑𝑞0 + 𝑰s𝑑𝑞1e
𝑗𝜔s𝑡e−𝑡 𝜏s⁄ +

𝑰s𝑑𝑞2e
𝑗2𝜔s𝑡)  (34) 

Similar to the formula (27), the above formula can be 

re-expressed as:  

𝑆s
os = 𝑃s0

os + j𝑄s0
os 

+𝑃ssin1 sin(𝜔s𝑡)e
−𝑡 𝜏s⁄ + 𝑃scos1 cos(𝜔s𝑡) e

−𝑡 𝜏s⁄⏟                            
𝑃s1
os

 

+𝑃ssin2 sin(2𝜔s𝑡) + 𝑃scos2 cos(2𝜔s𝑡)⏟                      
𝑃s2
os

 

+𝑗[𝑄ssin1 sin(𝜔s𝑡)e
−𝑡 𝜏s⁄ + 𝑄scos1 cos(𝜔s𝑡) e

−𝑡 𝜏s⁄⏟                            
𝑄𝑠1
𝑜𝑠

] 

 +𝑗[𝑄ssin2 sin(2𝜔s𝑡) + 𝑄scos2 cos(2𝜔s𝑡)⏟                      
𝑄s2
os

] (35) 

Equation (35) shows that during an asymmetrical 

voltage sag fault the stator output power of DFIG also 

has active and reactive power fluctuations with angular 

frequencies of 𝜔s  and 2𝜔s . The terms 𝑃s1
os  and 𝑄s1

os  are 

constantly attenuated with the time constant. These 

power fluctuations will affect the stability of the whole 

power generation system and the safety of the hardware. 

 

4. Principle of the SMES-based CSI-IDVR  
To regulate the terminal voltages of the IDC and DFIG 

and balance the power flow under transient voltage 

disturbances, a SMES-based CSI-IDVR is proposed and 

modeled. The schematic diagram of the SMES-based 

CSI-IDVR is presented in Fig. 5. As shown in the Fig. 5, 

the proposed SMES-based CSI-IDVR structure is 

symmetrical. Since the module of the CSI is supposed to 

withstand reverse voltage, each converter is made up of 

six power electronic devices with reverse-conducting 

IGBT and a diode. The converter is connected to the 

lines on both sides in series through three-phase CL 

filters and transformers, and the SMES is connected in 

series between the two converters. 

4.1. The control of CSI-IDVR 
According to the structural symmetry of CSI-IDVR, the 

grid-connected model of the converter-1 side connected 

to DFIG is selected for modeling analysis. The 

equivalent circuit diagram is shown in Fig. 6. In the Fig. 6, 

𝑢g is the grid side voltage; 𝑢s is the stator voltage of the 

DFIG, that is, the DFIG side voltage; 𝐶f and 𝐿f are the 

capacitance and inductance in the CL filter, respectively; 

The subscripts c  and o  represent the compensation 

variable of the DVR and the output variable of the 

converter, respectively, and 𝑖SMES  is the operating 

current of the SMES. 

The basic equation for the Fig. 6 can be obtained as 

follows [50]: 

 

{
 
 

 
 
𝑢s = 𝑢g − 𝑢c
𝑖o = 𝑖𝐶f + 𝑖c
𝑢o = 𝑢𝐿f + 𝑢c

𝑖𝐶f = 𝐶f
d𝑢o

d𝑡

𝑢𝐿f = 𝐿f
d𝑖c

d𝑡

 (36) 

Since the value of 𝐿f in the CL filter is generally small, 

𝐿f can be ignored for the convenience of calculation, so 

the reference value 𝑢oref of 𝑢o can be calculated by the 

following formula: 

 𝑢oref ≈ 𝑢cref = 𝑢sref − 𝑢s (37) 

To precisely control the terminal voltages of the DFIG 

and IDC, it is necessary to introduce a CSI-appliable 

dual voltage control. The basic principle of the dual 

control is introduced as follows. 

In the stationary 𝛼𝛽  reference frame, the form of 

space vector 𝑭 defining electromagnetic quantity is as 

follows: 

 𝑭𝛼𝛽 = 𝑓𝛼 + 𝑗𝑓𝛽 = (𝑓𝛼+ + 𝑓𝛼−) + 𝑗(𝑓𝛽+ + 𝑓𝛽−) (38) 

where 𝑭 is generalized as voltage and current vector. 𝑓𝛼 

and 𝑓𝛽  represent the amplitude of the vector on the 𝛼 

and 𝛽  axes, respectively. Subscripts "+" and "-" 
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represent the positive- and negative- sequence 

components, respectively. 

According to Euler's formula e𝑗𝛾 = cos𝛾 + 𝑗sinγ , the 

following formula can be derived from formula (38): 

 𝑭𝛼𝛽 = 𝑭𝛼𝛽+ + 𝑭𝛼𝛽− = (𝑓𝛼+ + 𝑗𝑓𝛽+) + (𝑓𝛼− + 𝑗𝑓𝛽−) 

 = 𝑓𝛼𝛽+e
𝑗𝜔𝑡

⏟      
𝑭𝛼𝛽+

+ 𝑓𝛼𝛽−e
−𝑗𝜔𝑡

⏟      
𝑭𝛼𝛽−

 (39) 

where 𝑭𝛼𝛽+  and 𝑭𝛼𝛽−  represent the positive- and 

negative-sequence space vector of 𝑭𝛼𝛽 , respectively. 

For the convenience of analysis, it is defined here that 

the (𝑑𝑞+)  reference frame rotates counterclockwise at 

the angular speed of 𝜔, and the (𝑑𝑞−) reference frame 

rotates clockwise at the angular speed of −𝜔. According 

to (39), the following formula can be obtained: 

 𝑭𝑑𝑞
+ = 𝑭𝛼𝛽e

−𝑗𝜔𝑡 = 𝑭𝛼𝛽+e
−𝑗𝜔𝑡 + 𝑭𝛼𝛽−e

−𝑗𝜔𝑡 

 = 𝑭𝑑𝑞+
+ + 𝑭𝑑𝑞−

− e−𝑗2𝜔𝑡 (40) 

𝑭𝑑𝑞
− = 𝑭𝛼𝛽e

𝑗𝜔𝑡 = 𝑭𝛼𝛽+e
𝑗𝜔𝑡 + 𝑭𝛼𝛽−e

𝑗𝜔𝑡 

 = 𝑭𝑑𝑞−
− + 𝑭𝑑𝑞+

+ e𝑗2𝜔𝑡 (41) 

where superscripts "+" and "-" refer to the (𝑑𝑞+)  and 

(𝑑𝑞−)  reference frames, respectively. For voltage and 

current signals, the methods for obtaining 𝑭𝑑𝑞+
+  and 𝑭𝑑𝑞−

−  

are shown in Fig. 7. 

According to the above analysis, there are four voltage 

components available to be controlled by Converter 1, 

namely 𝑢o𝑑+
+ , 𝑢o𝑞+

+ , 𝑢o𝑑−
− , 𝑢o𝑞−

− . Referring to (37), the 

compensation voltage signals can be expressed as: 

 

{
 
 

 
 𝑢o𝑑ref+

+ = 𝑢s𝑑ref+
+ − 𝑢s𝑑+

+

𝑢o𝑞ref+
+ = 𝑢s𝑞ref+

+ − 𝑢s𝑞+
+

𝑢o𝑑ref−
− = 𝑢s𝑑ref−

− − 𝑢s𝑑−
−

𝑢o𝑞ref−
− = 𝑢s𝑞ref−

− − 𝑢s𝑞−
−

 (42) 

According to (36), the mathematical model of the CL 

filter can be obtained as: 

 

{
  
 

  
 𝑖o𝑑+

+ = 𝐶f
d𝑢o𝑑+

+

d𝑡
− 𝜔g𝐶f𝑢o𝑞+

+ + 𝑖c𝑑+
+

𝑖o𝑞+
+ = 𝐶f

d𝑢o𝑞+
+

d𝑡
+𝜔g𝐶f𝑢o𝑑+

+ + 𝑖c𝑞+
+

𝑖o𝑑−
− = 𝐶f

d𝑢o𝑑−
−

d𝑡
− 𝜔g𝐶f𝑢o𝑞−

− + 𝑖c𝑑−
−

𝑖o𝑞−
− = 𝐶f

d𝑢o𝑞−
−

d𝑡
+𝜔g𝐶f𝑢o𝑑−

− + 𝑖c𝑞−
−

 (43) 

where 𝜔g  is the angular frequency of the grid side 

voltage. −𝜔g𝐶f𝑢o𝑞+
+ , 𝜔g𝐶f𝑢o𝑑+

+ , −𝜔g𝐶f𝑢o𝑞−
−  and 𝜔g𝐶f𝑢o𝑑−

−  

are the current compensation terms of the CL filter in the 

corresponding control loop, respectively. 

Combining (42) and (43), after introducing the 

proportional-integral (PI) regulator, the controller can be 

designed as follows: 

{
 
 
 

 
 
 𝑖o𝑑ref+

+ = (𝑘𝑝𝑑+
+ +

𝑘𝑖𝑑+
+

𝑆
) (𝑢o𝑑ref+

+ − 𝑢o𝑑+
+ ) − 𝜔g𝐶f𝑢o𝑞+

+ + 𝑖c𝑑+
+

𝑖o𝑞ref+
+ = (𝑘𝑝𝑞+

+ +
𝑘𝑖𝑞+
+

𝑆
) (𝑢o𝑞ref+

+ − 𝑢o𝑞+
+ ) + 𝜔g𝐶f𝑢o𝑑+

+ + 𝑖c𝑞+
+

𝑖o𝑑ref−
− = (𝑘𝑝𝑑−

− +
𝑘𝑖𝑑−
−

𝑆
) (𝑢o𝑑ref−

− − 𝑢o𝑑−
− ) − 𝜔g𝐶f𝑢o𝑞−

− + 𝑖c𝑑−
−

𝑖o𝑞ref−
− = (𝑘𝑝𝑞−

− +
𝑘𝑖𝑞−
−

𝑆
) (𝑢o𝑞ref−

− − 𝑢o𝑞−
− ) + 𝜔g𝐶f𝑢o𝑑−

− + 𝑖c𝑞−
−

 (44) 

According to the above analysis, the control diagram 

of CSI-IDVR is shown in Fig. 8. 
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Fig. 7. The sequence decomposition methods for voltage/current 

signals. 
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Fig. 8. Entire control scheme of the SMES-based CSI-IDVR. 
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4.2. Capacity design of the SMES  
In this study, two DVRs are connected through a 

common SMES coil to protect two sensitive loads of 

DFIG and IDC simultaneously and can realize the 

energy conversion from DFIG to IDC in case of fault. 

Compared with two independent DVR protection 

schemes with two SMES, the required SMES capacity 

can be greatly reduced, significantly reducing the cost. In 

addition, using the current source IDVR topology, there 

is no need to add additional DC/DC converters, which 

can respond quickly, reduce the number of switches in 

the device and further reduce the cost. 

According to the current relationship of CSI [51], the 

relationship between the fundamental effective value of 

CSI output current and the operating current of SMES 

shall meet the following requirements: 

 𝐼SMES,op ≥
𝜋

√6
𝐼𝑜1〈1〉 (45) 

 𝐼SMES,op ≥
𝜋

√6
𝐼𝑜2〈1〉 (46) 

where 𝐼𝑜1〈1〉 and 𝐼𝑜2〈1〉 are the root-mean-square value of 

the CSI output fundamental currents. To simplify the 

analysis, the output currents of the Converter 1 and 2 

filtered by CL branches can be regarded as equal to the 

transmission current 𝐼g1  and 𝐼g2 , respectively. 

Considering the active servers of the IDC and the wind 

speed variation of the DFIG, the output currents of the 

DFIG and the input current of the IDC fluctuate in ranges 

of 𝐼g1 ∈ [𝐼g1min
∗ , 𝐼g1max

∗ ]  and 𝐼g2 ∈ [𝐼g2min
∗ , 𝐼g2max

∗ ] , 

respectively. Therefore, the minimum operating current 

of SMES 𝐼SMES,opmin can be estimated by: 

 𝐼SMES,opmin ≥
𝜋

√6
max {𝐼g1, 𝐼g2} (47) 

The energy stored in the SMES available for voltage 

sag compensation is: 

 𝐸SMES
∗ =

1

2
𝐿SMES𝐼SMES

2 −
1

2
𝐿SMES𝐼SMES,opmin

2  (48) 

As analyzed in Section 2, when 𝑃DFIG < 𝑃IDC , the 

SMES should output specific energy to compensate the 

IDC. To ensure enough capacity of the SMES to deal 

with the voltage sag, the operating current of the SMES 

should simultaneously satisfy the following equation: 

 𝐸SMES
∗ ≥ (𝑝𝑃IDCmax

∗ − 𝑝𝑃DFIGmin
∗ )𝑡sag (49) 

where 𝑃IDCmax
∗  and 𝑃DFIGmin

∗  are the maximum input 

power of the IDC and the minimum output power of the 

DFIG, respectively. For a given CSI-IDVR, its maximum 

compensation capacity should be designed, i.e., the 

voltage sag ratio and duration time available to be 

protected are determined. Therefore, the energy 

capacity of the SMES can be obtained.  

To make the SMES current be within the required 

operating range, the two voltage reference signals, i.e., 

𝑢s𝑑ref−
−  and 𝑢IDC𝑑ref−

− , can be slightly adjusted within 0.95 

pu ~ 1.05 pu. The block diagram of the SMES current 

control is shown in the Fig. 8. 

 

5. Case study and simulation results  
The renewable energy data center system integrated 

with SMES-based IDVR is modeled and analyzed in 

MATLAB/Simulink. Both the rated power of the IDC and 

the DFIG is 1.5 MW. In the two cases of 85% three-

phase-to-ground (3LG) fault and 85% two-phase-to-

ground (2LG) fault, the characteristics of DFIG and IDC 

with and without CSI-DVR protection are simulated and 

analyzed. Both faults occur at 0.2 s and are cleared at 

0.8 s. To simplify the analysis, the DFIG wind speed is at 

the rated wind speed of 12 m/s. Simulation parameters 

of the DFIG, IDC, and SMES are shown in Tables 1-3 in 

the Appendix 

5.1. Fault characteristic analysis of DFIG and IDC 

without protection 
Assuming a 3LG fault with a depth of 85% occurs in 

the grid at t=0.2 s, and is relieved at 0.8 s. Without CSI-

IDVR, the responses of grid-side voltage, active power, 

reactive power, and the DC, 60 Hz, and 120 Hz 

components of the active and reactive power are shown 

in Fig. 9. It can be seen from the Fig. 9(a) that at the 

fault occurrence and clearance, there will be high 

instantaneous power and huge oscillation in the output 

power of DFIG. During the whole transient process, the 

maximum active power and minimum active power of 

DFIG are 1.22 pu and -3.34 pu, respectively, and the 

maximum and minimum reactive power are 3.08 pu and 

-1.73 pu, respectively. The simulation results are 

consistent with the theoretical analysis in Section 3, i.e., 

the stator output power of the DFIG under symmetrical 

 
Fig. 9. Responses of the grid side voltage, active power, active power 

component, reactive power, and reactive power component of DFIG 

and IDC under 85% 3LG fault without protection. (a) DFIG side; (b) 

IDC side. 
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Fig. 10. Responses of the grid side voltage, active power, active power 

component, reactive power, and reactive power component of DFIG 

and IDC under 85% 2LG fault without protection. (a) DFIG side; (b) 

IDC side. 

 

voltage fault includes the average active and reactive 

power 𝑃s0
sag

 and 𝑄s0
sag

, and the attenuating active and 

reactive power 𝑃s1
sag

 and 𝑄s1
sag

 fluctuations with the 

frequency of 𝜔s. Compared with the Fig. 9(a), the power 

variation of the IDC can be seen in the Fig. 9(b), and the 

minimum active/reactive power of IDC is 0.023/0.002 pu. 

Since the DFIG and IDC are connected to the same 35 

kV bus, the active and reactive power of the IDC also 

contain small 60 Hz oscillations, which can be seen in 

the Fig. 9(b) due to the slight influence of the DFIG. 

Overall, besides the change of the DC component, the 

standard deviations of 𝑃IDC1
sag

 and 𝑄IDC1
sag

 are 0.017 and 

0.0017, respectively, there is almost no fluctuation of the 

active and reactive power, and the power response of 

the IDC under symmetrical voltage sag is in line with 

(13). 

Fig. 10 shows the parametric response of DFIG and 

IDC without protection under asymmetric fault. During 

the whole transient process, the maximum active power 

and minimum active power of DFIG are 1.02 pu and -

2.70 pu, respectively, and the maximum and minimum 

reactive power are 2.47 pu and -2.44 pu, respectively. 

Different from the response under symmetrical fault, 

there are additional power fluctuation components (𝑃s2
os 

and 𝑄s2
os ) with the frequency of 2𝜔s  in the active and 

reactive power responses of the DFIG and IDC. 

 
Fig. 11. Responses of the DFIG side voltage, IDC side voltage, DFIG 

side active power, IDC side active power, and the superconducting coil 

(SC) current. (a) under 85% 3LG fault with the proposed CSI-IDVR 

protection; (b) under 85% 2LG fault with the proposed CSI-IDVR 

protection. 
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after the fault, but the overall change is very small. It can 

be seen from the Fig. 11 that before and after the 

symmetrical and asymmetrical faults, the operating 

current of the SMES is increased from 1126.3 A to 

1134.4 A and 1131.7 A, respectively. Calculating the 

energy change between the occurrence (0.2 s) and the 

end (0.8 s) of the fault, the energy absorption of the 

SMES ~ 11.77 kJ and ~ 7.83 kJ, respectively. 

In the cases without protection and with the proposed 

CSI-IDVR protection, the responses of the DFIG’s 

crucial parameters including the Electromagnetic torque 

(𝑇em), the amplitude of the rotor current (𝐼ramp) and the 

angular frequency of DFIG rotor (𝜔r ) under 3LG and 

2LG faults are shown in Fig. 12. In the figure label, 

subscripts 0 and 1 indicate unprotected and protected 

status, respectively. It can be found that under 85% 3LG 

faults, with the proposed CSI-IDVR protection, the peak-

to-peak values of 𝑇em, 𝐼ramp and 𝜔r can be limited from 

4.55 pu, 4.24 pu, and 0.089 pu to 0.62 pu, 0.51 pu, and 

0.004 pu. Similarly, under 85% 2LG faults, the peak-to-

peak values of 𝑇em , 𝐼ramp  and 𝜔𝑟  can be limited from 

4.43 pu, 4.31 pu, and 0.048 pu to 0.65 pu, 0.52 pu, and 

0.003 pu with the assistance of the proposed method. 

Accordingly, the proposed CSI-IDVR protection can 

effectively suppress the oscillation of the above DFIG’s 

crucial parameters under both symmetric and 

asymmetric faults. 

5.3. Energy variation of the SMES in CSI-IDVR 
To estimate the energy-saving proportion of the CSI-

IDVR compared to separate DVR, three different wind 

speed conditions of the DFIG are considered, where the 

output power of the DFIG is 0.6 pu (low wind speed), 1.0 

pu (rated wind speed), and 1.4 pu (high wind speed), 

respectively. Under the simulated 3LG fault, the energy 

variations of the SMES in the proposed CSI-IDVR 

protection scheme and two independent DVRs 

protection scheme are shown in Fig. 13. 

 
Fig. 12. Responses of the DFIG’s electromagnetic torque, the 

amplitude of the rotor current, and the angular frequency of the DFIG 

rotor without protection and with the proposed CSI-IDVR protection. (a) 

under 85% 3LG fault; (b) under 85% 2LG fault. 

 
Fig. 13.  Energy variation of SMES in the proposed CSI-IDVR 

protection scheme and in two independent DVRs protection scheme 

during 3LG grid fault. 
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[51]. 
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applications, such as large-power offshore wind farms. 

Some references have discussed this characteristic of 

current-fed back-to-back converters [52, 53]. 

iv) Due to the existence of the inductor, a CSI-based 

DVR can efficiently constrain the change rate of a fault 

current during voltage abruption while enhancing the 

load voltage to the rated profile. The function of the 

inductor can be referred to [54], which analysis the 

inductive-type (SMES) superconducting fault current 

limiter from the perspective of circuit modeling. In this 

paper, A controllable SMES-based DVR has been 

carried out in this work with emphasis of its dynamic 

voltage control. 

Drawbacks: 

i) Devices must be symmetric blocking in a CSI 

system, unlike the asymmetric blocking devices (with 

bypass diode) in a VSI. This characteristic of CSI means 

that the power electronic switches with higher voltage 

tolerance are required. 

ii) In addition to i), from the perspective of overall 

efficiency, a VSI system is superior.  

iii) The operation of a CSI requires a minimum load 

that always remains connected. The inability to operate 

at no-load conditions confines its application in many 

areas. Merely, CSI-based DVR does not exist this issue 

due to its serial connection configuration, since the 

transmission line current will not be zero. 

iv) CSI cannot be operated in an open-loop mode, 

whereas open-loop control of a VSI (such as open-loop 

v/f control) is relatively common. 

 

6. Conclusion 
This paper proposes a new CSI-IDVR based on 

SMES to protect sensitive generators and loads 

simultaneously in a data center power system with 

renewable energy power supply and provides 

systematical designs of topological structure and 

cooperative control strategy of the proposed scheme. 

The simulation results show that under 85% 3LG and 

2LG faults, the proposed protection scheme can quickly 

compensate the required voltage and keep both DFIG 

and IDC side voltages at around 1.0 pu and limit their 

peak-to-peak values at around 0.16 pu. The voltage 

fluctuation and power oscillation of DFIG and IDC can be 

effectively suppressed. In the proposed scheme, the 

SMES can absorb part of the DFIG-generated energy, 

meanwhile compensating the lacking energy of IDC. 

Compared with the individual-DVR protection scheme, 

the capacity requirement of the SMES is largely reduced, 

greatly saving the cost of the SMES and efficiently 

coordinating the energy conversion among DFIG, SMES, 

and IDC. The proposed protection scheme can be 

commonly applied to sensitive generators/loads 

composited systems. It is expected to provide a new 

solution to utilize renewable energy under transient 

conditions and reduce the required energy storage 

capacity.  

 

Appendix 
TABLE 1 

PARAMETERS OF DFIG 

Parameter Value 

Rated power 1.5 MW 
Rated rotor voltage 1725 V 
Rated stator voltage 690 V 
Rated wind speed 12 m/s 
Rotor resistance 0.005 pu 
Stator resistance 0.007 pu 
Rotor leakage inductance 0.156 pu 
Stator leakage inductance 0.171 pu 
Mutual inductance 2.9 pu 
DC-link capacitor 10 mF 
Rated DC-link voltage 1200 V 

 
TABLE 2 

PARAMETERS OF IDC 

Parameter Value 

Rated voltage 1 kV 
Rated power of the computing load 150 W 
Rated power of the PSU 1.5 kW 
Number of the server rack in a server room 300 
Number of the PDUs 3 
Rated power of the cooling system 100 kW 
Rated power of the lighting system 50 kW 
Number of racks 3 
Rated IDC System power  1.5 MW 

 
TABLE 3 

PARAMETERS OF IDVR 

Parameter Value 

DFIG side transformer ratio 690 V/1380 V 
IDC side transformer ratio 1 kV/ 2 kV 
Capacitance of the CL filter 3000 μF 
Inductance of the CL filter 10 μH 
SC inductance 1.285 H 
SC initial operating current 1126.3 A 
SC critical current 1321 A 
Energy capacity of the SMES 1.12 MJ 
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