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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 CSl-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.
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0. Nomenclature

Ce, L¢ Capacitance and inductance in the CL  Pgygs Power exchange of the SMES
filter, respectively Phrics Pipe Output power of DFIG terminal and input

F Voltage and current vector power of IDC terminal, respectively

far fp Amplitude of the vector component on p Voltage sag ratio
the @ and B axes, respectively tsag Duration time of voltage sag

IsmEso Initial current of SMES T Time constant of the stator

ISmEs Current of SMES after voltage sag o Leakage coefficient

IsmEs op Operating current of SMES w, Angular frequency of grid

Loray loz(1) Root-mean-square values of the output @, @it Voltage initial phase and current initial
currents fundamental components of phase of IDC side, respectively
converters on the DFIG and IDC sides,  @,,—, @oi- Initial phases of negative sequence
respectively voltages and currents of IDC side,

Ig1, 1gy Transmission currents of DFIG and IDC, respectively
respectively Subscript ¢ Compensation variables of the DVR

Lsmes Inductance of superconducting coil Subscripts Variables of DFIG side and IDC side,

L Mutual inductance DFIG, IDC respectively

Ppric Pinc Output power of DFIG and input power Subscriptdq Variables in the dq synchronous rotating
of IDC, respectively reference frame

PSric, Pie Rated power of DFIG and IDC, Subscripts Components of the variable on the d-axis
respectively d,q and the g-axis, respectively

APppig, APpc  Fluctuated power of DFIG and IDC, Subscriptg Grid side variables

respectively

Subscript o

Output variables of the converter



Subscripts Positive- and negative- sequence

P,N components of voltage or current,
respectively

Subscript ref Reference value of variables

Subscripts Variables in stator and rotor sides of

S, T DFIG, respectively

Subscript af  Variables in the stationary af reference
frame

Subscripts Positive and negative  sequence

B components, respectively

Superscript  Variables in case of asymmetric fault

oS

Superscript  Variables in case of symmetric fault

sag

Superscripts  The (dq™) and (dq~) reference frames,

B 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 (STATCOMSs)
[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



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 (CSl)-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 CSl-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 CSl-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 CSlI-
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 Ppgg varies with the wind speed, and the input
power of the IDC Py 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.
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Fig. 3. Scheme of the IDC with AC power system.

{PDFIG = Pprig T 4Ppric (1)
Pipc = Ppc + 4Pipc

where Pjgg and Py represent the rated power of DFIG
and IDC, respectively. The fluctuated power of the DFIG
and IDC, i.e., APy and APypc, 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 Ppgc and Pipc:

2) When Ppgic > Pipc, the SMES will absorb part of the
power of the DFIG, and the power exchange of the
SMES Pgygs €can be expressed as:

Psmes = PPipc — PPprig (2)
where pPipc < pPprig- p represent the voltage sag ratio.
The power of the DFIG output to the grid P)gc and the
power of the IDC input from the grid Pjp. can be
expressed as follows:

{P]’DFIG = (1 -p)Poric 3)
Pipc = (1 = p)Pinc

Assuming that the duration of voltage sag, the initial
current of SMES, and the current of SMES after voltage
sag are tgg, Ismeso, and Iygs, the following equation
can be obtained:

éLSMES(IS’MESZ — I3ueso) = (PPpric — PPipc)tsag  (4)

3) When Ppgic = Pipc, there is pPipc = pPprig. The

output power of the SMES to the IDC is the same as the
input power from Ppgg.

4) When Pppie < Ppc, the SMES will release part of

the energy to compensate IDC. Similarly, the following

equation can be obtained:

1 ’
ELSMES(ISMESZ — I3ueso) = —(PPoric — PPinc)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 (PDUSs), 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 af8 reference frame can be expressed as:

Sinc = Pinc +J@Qinc = %UfDCaﬁ Tipcap (6)
where P and Qfpc are the rated active and reactive
power of the IDC, respectively, Uipcqs and Ijpcqp are
rated terminal voltage and current of the IDC under af8
model, respectively. 7ch04; is the conjugate of the
current Ifpcqp-



2) Assuming a symmetric voltage sag occurs in the
power system with a depth of p at t=0, the IDC terminal
voltage Uipcqp @nd current Iipc,z Can be expressed as:

UFDCej(w1t+</’ou+), t<0
U t) = . 7
IDCaﬁ( ) {(1 _ p)UI*DCe](wlt+<pou+), t>0 ( )
Lpce/(@1t+Poit), t<o0
I t) = ; 8
IDCa[)’( ) {(1 _ p)II*DCe]((ult+<poi+)‘ t>0 ( )

where w; , @, and ¢, 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:

3 T*
Slss(g; ={1-p)? EUIDCaB “I1pcap
= (1 -p)*(Pipc +jQinc) 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:

Uipcap(t) =
UI*DCeJ'(w1f+(Pou+), t<0
{UIDCPej(w1t+<Pou+) + UIDCNej(_w1t+<P0u_)'t >0
Iipcap(t) =
Il*Dcej(w1t+<Poi+)‘ t<0
{IIDCPeJ'(MH%H) + Iipene/C@1tt9oi) £ > 0
where ¢,,_ and ¢,;_ 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:

(10)

(11

3 . .
B = > [(Uipcpe/@1t+eous) + Uppoyel (@1t @ou-))
- (hpcpe/(@1t+®oi+) 4 IIDCNej(_w1t+(p0i_))]

= 2 [Uincplincpe/@out ~?oiv) + Uppeylipeyel @ou-"0i) +
UIDCP]IDCNej(2w1t+(Pau+_(Poi—) +
UIDCNIIDCpej(_2w1t+(Pou—_(Pai+)] (12)

Analyzing (12), one can simply express the
components of the complex power under asymmetrical
fault as follows:

Sibc = Pibco +JQibco +
Pipceosz €0S(2w1t) + Pipcsinz Sin(2wqt) +

Pibc2
J[Qipceos2 €05(2w1t) + Qipcsing Sin(2w; t)]
Q2

The existence of P, and Q[fc, 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 2w,, 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

(13)
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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 aff reference frame can be expressed
as [48]:

dpsg
Usaﬁ = RsIsocB + az £
dlpr[l .
Ura,B = RrIraB + dz £ _](Urll)raﬁ (14)

II}sa’[? = Ls’saﬁ + Lmlsaﬁ

1»bruz,(? = Lmlsaﬁ + Lrlraﬁ
where U, I and ¥ represent the vector form of voltage,
current and flux linkage, respectively. R, L and w
represent the resistance, inductance, and angular
frequency, respectively. Subscripts s and r represent the
stator side and rotor side, respectively. L, is the mutual
inductance.

By synthesizing four equations in (14), the space

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

. d
Uraﬁ = (Rr _]wraLr)IraB + O—Lralraﬁ

+IL_I: (Usaﬁ - Rslsaﬁ _jwrll)saﬁ) (15)
where 0 =1 - 1% /L,L, is the leakage coefficient. The
stator voltage in the stationary af reference frame is a
rotation vector rotating at the synchronous speed wq,
whose stator voltage amplitude is U . It can be
expressed as:

Usap = Use/ st (16)

Neglecting the stator resistance R, and substituting
(16) into the (14), the expression of flux linkage can be
obtained as follows:

lI)sozﬁ = staﬁ = s
According to (17), (15) can be rewritten as:

Useja)st

17)

, d L .
Uraﬁ = (Rr _]wraLr)Iraﬁ + O—LrEIraﬁ + Lm (SUse]wSt)
s

R —

UraBRL Eraﬁ

(18)
where Uz, is the voltage drop generated by the rotor
current flowing through the rotor resistance R, and
transient inductive reactance oL, E.qp is the induced
electromotive force generated by the rotor flux linkage,
and s = (ws — w.)/ws is the slip.



Assuming a symmetrical voltage sag fault with a depth
of p occurs in the system at t=0, the (16) can be
rewritten as:

_ (Ugedest, t<0
Usaﬁ(t) - {(1 _ p)USej‘“St,t >0
From (17) and (19), it is apparent that the stator flux

linkage at a steady state can be expressed as:
Usej(ust
w
Yeap(t) =4 ) st
Jws
Assuming that the rotor side of DFIG is open-circuited,
i.e., Isqp = 0, following the (14), the stator voltage can

be obtained as follows:
Rs d
Usa,B = L_Slpsaﬁ + alpsaﬁ (21)

Solving (21) with (20), the stator flux can be further
derived as follows:

(19)

, t<0
(20)
, t=0

1 .
EUSeJ‘"St, t<0
Ipsaﬁ(t) = *

1 Jjwgt 1 -t/T
jj(l—p)USe s +]_XpUSe s, t=0
S S

(22)
where 7, = Lg/R; is the time constant of the DFIG stator.
Substitute (22) into E..p in (18), and convert it to the
rotor rotation frame, E, .z can be expressed as:

?aﬁ = LL_m [s(1- p)Usej(ws—wr)t -(1- S)pUSej‘“rte_t/TS]

(23)
From (23), Eﬁaﬁ contains two components: 1) an AC
component rotating counterclockwise at the angular
frequency ws —w, , whose amplitude is directly
proportional to s and (1 —p)Us; 2) an AC component
rotating clockwise at the angular frequency w, whose
amplitude is directly proportional to (1 —s) and pUs,
decaying with the stator time constant t;. 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]:

1 i 1 —
Lsap = s~ (1 = p)Use/“s" + ———pUse Yrs(24)

JjwsLg
From (24), there is mainly an AC component and a
decaying DC component in the stator current. Convert
the stator current from stationary af reference frame to
dq synchronous rotating reference frame, the (24) can
be re-expressed as:
Isdq = Isqu + Isdqle_jwste_t/rS (25)
The output complex power of the stator can be
expressed as:

. 3 ~
Sssag =B +j0s= _Eusdq 'Isdq

3 . . . it
= _E(usd +]usq)(lsd0 _]lqu + lsdle]wste t/%s

_ jisqlefwste—t/fs)

== E [Usalsao + usqisqo + j(usq Isqo — Usq isq())
+(usdisd1 + usqisql)ejmste_t/TS
+j(usqisd1 - usdisql)ejwste_t/rs] (26)
Analyzing the components in (26), one can simplify
(26) as the following:
Sssag = Pssbag + Jstgg + Pgging Sin(wst) e /% +

sag
Psy

j stinl Sin(ws t) e—t/rs (27)

Q5
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 w;.
Considering an asymmetrical voltage sag fault in the
system at t=0, the (19) can be rewritten as:
Uge/@st, t<0
Usaﬁ'(t) = {Uspej“’st + USNe_jwst,t >0
where Ugp and Ugy 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:
wsaﬁ () =
LU ejwst
Jjws s
Yspel®%h | UsUsp o-t/ts 4 Usne 50 4 OUsn ot/ 4 5
Jws Jws —Jws —Jws
Substituting formula (29) into the (17), the E,,z under
asymmetrical fault can be re-expressed as:

(28)

t<0
(29)

L . .
?aﬁ = L_K: [SUsPe](ws_wr)t + (2 - S)UsNe](_‘”S_wr)t

—(1-=5)(Us —Usp + UsN)e_jwrte_t/‘rS (30)

The above expression shows that under an
asymmetrical fault, an additional third component of the

rap @ppears with the angular frequency of —w; — ;. Its
amplitude is proportional to (2 — s)Ugy.

Assuming the DFIG rotor is open circuit and ignoring
the rotor side current, the stator current, in this case, can
be expressed as:

Ugpel®st  Us—U
Isaﬂ = S.P + S = e /s
]wsLs ]wsL's
U OV -/ (31)
—jwsLs —jwsLs

As with the processing of the formula (27), (31) can be
rewritten as:
Isdq = Isdqo + Isdqle_jwste_t/rS + Isdqze_jzwslt (32)
Under an asymmetrical fault, the stator voltage can be
expressed as:
Usdq = Usqu + Usdqze_jzwst

(33)
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The output complex power of the stator can be
expressed as:

3
SSOS = _Usdq ' Isdq

2
3 s X 3
= E(USdQO + Uquze ]Zwsf)(lsdqo + Isdqle]wste t/Ts +
saqze”**") (34)

Similar to the formula (27), the above formula can be
re-expressed as:
S = P% +i0Q%
+ Pyging Sin(wgt)e /s + Py gy cos(wgt) et/ s

PgP
+ Pyging SIN(2wgt) + Pycpsz COS(2wst)
1253
+j[stin1 Sin(a)st)e_t/rs + QSCOSl Cos(a)st) e_t/TS]
Qsf
+j[stin2 Sin(zwst) + Qscosz COS(Zwst)]
Q53

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 ws and 2wg. The terms PSS and Q27 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.

(35)

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 CSl 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; C; and L¢ are the
capacitance and inductance in the CL filter, respectively;
The subscripts ¢ and o represent the compensation
variable of the DVR and the output variable of the
converter, respectively, and igygs iS the operating
current of the SMES.

The basic equation for the Fig. 6 can be obtained as
follows [50]:

Us = Ug — U
lo = lcf+ ic
U, = Ut U
O e (36)
fee = Cr—,
Uy = Lf%

Since the value of L¢ in the CL filter is generally small,
L¢ can be ignored for the convenience of calculation, so
the reference value u,.r Of u, 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 CSl-appliable
dual voltage control. The basic principle of the dual
control is introduced as follows.

In the stationary af reference frame, the form of
space vector F defining electromagnetic quantity is as
follows:

Fap = fa+Jfs = far + fa) +j(fpr + f5)  (38)
where F is generalized as voltage and current vector. f,
and f represent the amplitude of the vector on the a

and B axes, respectively. Subscripts "+" and "-"



represent the positive- and
components, respectively.
According to Euler's formula e/” = cosy + jsiny, the

following formula can be derived from formula (38):

Fop =Fops + Fap = (fus + jfss) + (fue +jfs-)

= faﬁ+ejwt + faﬁ—e_jwt
Fopt Fop_
where F,z, and F,z_ represent the positive- and
negative-sequence space vector of F,z, respectively.
For the convenience of analysis, it is defined here that
the (dq*) reference frame rotates counterclockwise at
the angular speed of w, and the (dq~) reference frame
rotates clockwise at the angular speed of —w. According
to (39), the following formula can be obtained:
Fy, =Fope ™/t = Fop, e/ 4 Fop e/t

negative- sequence

(39)

= Flgs +Fage 2t (40)
Faq = Faﬁej“’t = Faﬁ+e1“"t + Faﬁ_e/“’t
=Fg,_ + Fj, e/%¢" (41)

where superscripts "+" and "-" refer to the (dg*) and
(dq™) reference frames, respectively. For voltage and
current signals, the methods for obtaining Fj,, and Fg,_
are shown in Fig. 7.

According to the above analysis, there are four voltage
components available to be controlled by Converter 1,
namely ujy,, Udys, Ugq—, Uoq— . Referring to (37), the
compensation voltage signals can be expressed as:

(u(J)rdref+ = u;—dref+ - us+d+
u;qref+ = us+qref+ - u;—q+ (42)
Uodref— = Usaref— — Usa—
ugqref— = us_qref— - us_q—

According to (36), the mathematical model of the CL
filter can be obtained as:

g1

lo1

1

Ly f SMES
.| Converter ——#¥¥Y¥Y~__{ Converter |.

it =G d“i” — wgCrudas + ita,
igq+ = (¢ du(iq+ + wgcfugd+ + i§q+ (43)
ic. =G d“(ftd‘ — wgCilgg— + icy-
Ligq_ = d”jt‘*‘ + wgCligy_ + iy

where wg is the angular frequency of the grid side
voltage. —wgCrugqs , wgCigyy, —wgCigy— and wgCrug,
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:

kit
-+ — (+ id+ + _ .t _ + i+
lodref+ = (kpd+ + S ) (uodref+ uod+) wgcfuoq+ + lea+
ki
+ — [+ iq + gt + i+
) Loqref+ - (kpq+ + S ) (uoqref+ uoq+) + wgcfuod+ + lcq+

- (- Kig_\ ;. - _ _ .
lodref- = (kpd— + s ) (uodref— - uod—) - wgcfuoq— + i

ki
i(;qref— = (kz;q— + %) (u;qref— - uc:q—) + wngu;d— + ic_q—
(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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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:

IsmEsop = \7_5101(1) (45)
ISMES,op = %102(1) (46)

where I,,(;y and I,y 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 I; and Iz, , 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 Igl € [Iglmin' Iglmax] and Igz € [122min' I§2max] '
respectively. Therefore, the minimum operating current
of SMES Ismgs,opmin CaN be estimated by:

ISMES,opmin = j_gmax{lglilgz} (47)

The energy stored in the SMES available for voltage
sag compensation is:

Esmes = ;LSMESISZMES - %LSMESISZMES,opmin (48)

As analyzed in Section 2, when Pppig < Pipc, 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:

E;MES = (pPI*DCmax - pP[*)FIGmin)tsag (49)
where Pipemax @A Popigmin @re 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.,
Uggref— aNd Upcarer—, 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
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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 P38 and Q3;%, and the attenuating active and
reactive power P and Q5% fluctuations with the
frequency of wg. 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 A8 and Q5% 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 (P
and Q) with the frequency of 2w in the active and
reactive power responses of the DFIG and IDC.

10

S ——— 1 —
P
g os —Uy| 08 —_—y
S u —
S os 1 06 Yer
2 = %
2 04 0.4
] 02,
8 o S 0
S 1 [—— [ 1 —
< :
0.8fwww 0.8f+ g
E’ Ug, Ug,
R e R U, | 08f g Ugy
8 0.4} R - Ync| a4f Uipc
w H
o o2 : 0.2
a :
= 0 : 0
1 1
=
e o0 0
85
7} g 1 1 e
Oa : :
Ie —Fy : : —_—y,
a g 2 Pa [ : 2 Py [
< P, | H P,
3 : 3
T [ T
= 1 I 1
S : H
BB 075he i =P | g75be o —y,
7] ?, Pe Py
o
Q s 0.5 b b i P, 05 P
E-RY O S o). |
2 025
0 0
1136 132
S - \
= I \ 1130
o 1132
g £ ,.
E
o e ’ 1128
g 1128 ;
! —
2

Time (s) Time (s)
(@ (b)

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.

5.2. Fault characteristic analysis of DFIG and IDC
with proposed CSI-IDVR protection

With the protection of the proposed CSI-IDVR, the
response of the voltage and active power of the DFIG
and IDC and the SMES operating current under 85%
3LG and 2LG faults are shown in Figs. 11(a) and (b),
respectively. The proposed CSI-IDVR can quickly inject
the specific voltages u.; and u., to maintain the terminal
voltages of the DFIG and IDC (ug and u;pc) to the rated
value when the fault occurs. After using the proposed
CSI-IDVR protection, the peak-to-peak values of the ug
under 3LG fault and 2LG fault are within 0.16 pu and
0.15 pu, respectively, which means there are only small
oscillations in the voltage curves at the fault occurrence
and the fault clearance. The peak-to-peak values of the
DFIG output power under 3LG fault and 2LG fault are
limited to within 0.61 pu and 0.59 pu, respectively, which
can be acceptable. Similarly, the peak-to-peak values of
IDC side voltage under 3LG fault and 2LG fault are
limited to within 0.17 pu and 0.16 pu, respectively, and
the power of the IDC under symmetrical faults or
asymmetrical faults is well-maintained at 1.0 pu.

As analyzed in Section 2, in this simulation, the
absorbed and released power of the SMES almost
reaches equilibrium since the power of the DFIG and
IDC are at the rated value. Due to the existence of P,
there will be a slight difference in SC current before and



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 (Ir,mp) and the
angular frequency of DFIG rotor (w,) 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 Ty, Iramp @nd w, 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 Tep, Iramp @nd w, 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.
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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.
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Fig. 13. Energy variation of SMES in the proposed CSI-IDVR
protection scheme and in two independent DVRs protection scheme
during 3LG grid fault.

It can be seen from the Fig. 13 that in two independent
DVRs, the energy variations of the SMES on the IDC
side are all -751.42 kJ, while the energy absorbed by the
SMES on the DFIG side is affected by the wind speed.
Under three power conditions (0.6 pu, 1.0 pu, and 1.4
pu), the energy absorption of the DFIG-side DVR is
457.88 kJ, 763.15 kJ, and 1068.40 kJ, respectively. To
deal with the transient energy of the IDC and DFIG, the
required energy in the SMES (Egygs) are 1209.3 kJ,
1514.57 kJ, and 1819.82 kJ capacity in total in the
scheme with two individual DVRs. In the proposed CSI-
IDVR protection scheme, part of the energy absorbed
from the DFIG is then released to the IDC The required
energy of the SMES during three conditions are only -
293.54 kJ, 11.77 kJ, and 316.98 kJ, respectively, only
24.27%, 0.78%, and 17.42% of the individual-DVR
scheme.

5.4. Comparison of CSI- and VSI-based DVR

CSl-based DVR is an emerging device, and the
technology is gradually investigated recently. Therefore,
it is necessary to conclude the characteristics of the CSI
when used as the converter of the DVR. The advantages
and drawbacks by comparing the CSI- and VSI-based
DVR are shown as follows:

Advantages:

i) CSI has inherent four-quadrant operation capability
and does not require an additional converter on the DC
bus. Therefore, it fits the characteristics of the current-
type energy storage especially SMES, simplifying the
structure configuration. On the other hand, VSI requires
a regenerative converter on the DC link.

if) CSI is more robust and does not exist problems
such as shoot-through faults. Momentary short-circuits in
the load and the misfiring of thyristors can be withstood
[51].

iii) In addition to ii), CSl is more reliable in large-power



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 CSl-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.

i) 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, CSl-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
2L G 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.
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Appendix
TABLE 1
PARAMETERS OF DFIG
Parameter Value
Rated power 1.5 MW
Rated rotor voltage 1725V
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 1kV
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 uF
Inductance of the CL filter 10 uH
SC inductance 1.285H
SC initial operating current 1126.3 A
SC critical current 1321A
Energy capacity of the SMES 1.12 MJ
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