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Abstract—The development of DC custom power protection
devices is still in infancy that confines the sensitive loads inte-
grated into medium-voltage (MV) and low-voltage (LV) DC net-
works. Considering the DC doubly-fed induction generator (DC-
DFIG) based wind energy conversion system (WECS), this pa-
per proposes a dual active bridge (DAB) based DC unified pow-
er quality conditioner (DC-UPQC) with the integration of super-
conducting magnetic energy storage (SMES) to maintain the ter-
minal voltage of DC-DFIG and regulate the current flow. The
principle of the proposed DC-UPQC has three parts, i.e., paral-
lel-side DAB (PDAB), series-side DAB (SDAB), and SMES,
used for the voltage compensation, current and power regula-
tion, and energy storage, respectively. The circuit principle of
the PDAB and SDAB and the modeling of SMES are analyzed
in this paper. A DC dual control strategy is also proposed to
deal with the DC voltage oscillation generated by the AC-side
asymmetrical fault. A case study of DC-DFIG interfaced with
DC power grid is carried out, integrated with the proposed
SMES-based DC-UPQC to verify the high-power applications
of the proposed structure. Finally, an experiment is implement-
ed, and the results demonstrate the correctness of the theoreti-
cal analysis and the feasibility of the proposed structure.

Index Terms—DC network, unified power quality conditioner
(UPAC), DC doubly-fed induction generator (DC-DFIG), power
quality.

[. INTRODUCTION

HE medium-voltage (MV) and low-voltage (LV) DC

distribution systems have attracted increased attention
in the past few years, owing to the advantages of concise
structure, high economy, and convenient interface to energy
storage devices (ESDs) and renewable power generators (RP-
Gs) [1], [2]. However, the penetration of power-electronic-
controlled DC RPGs will lead to power quality issues [3].
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Among DC RPGs, the DC doubly-fed induction generator
(DC-DFIG) based wind energy conversion system (WECS)
has been widely investigated in [4]-[7], which mainly con-
sists of a DFIG, a diode rectifier, and a rotor-side converter
(RSC). Compared with the traditional DFIG, the DC-DFIG-
based WECS has a more economical structure since the grid-
side converter (GSC) is no longer needed. However, the un-
controlled commutation of the diode rectifier makes the DC-
DFIG-based WECS lack the low-voltage ride through
(LVRT) capability and thus vulnerable to DC grid faults.
What is worse, when an asymmetrical fault occurs at the AC
side, there will be a voltage sag accompanied by a 100 Hz
voltage oscillation in the DC voltage. If not adequately con-
sidered, the voltage oscillation will lead to highly unbal-
anced current and power, resulting in significant losses of
power system revenue and sensitive loads [8], [9].

To improve the LVRT capability of DFIG-WECS, many
solutions have been proposed [10]-[15], which can be ap-
proximately classified into two categories, i.e., software-
based solutions and hardware-based solutions. Software-
based solutions can be further divided into two parts. Some
of the software improvements, such as demagnetizing con-
trol [10], flux linkage tracking control [11], and current re-
versely tracking control [12], [13], aim at improving the con-
trol strategies of DFIG RSC. When a DC fault occurs, the
software-based solutions are still applicable for DC-DFIG,
but a concern is raised in [14], [15] that the DC current will
rapidly increase with a considerable amplitude in a short
time. Such a DC fault current will seriously cause damage
to the assailable equipment such as diode rectifier and insu-
lated gate bipolar transistor (IGBT) switches used in DC-
DFIG-based WECS.

Some software-based methods are proposed to regulate
the DC voltage profile of the DC microgrids, such as hierar-
chical control, which has been widely investigated. Inside
the hierarchical control, the secondary control is responsible
for the voltage regulation and current sharing among renew-
able energy sources [16], [17]. However, when a severe grid
fault occurs, software-based solutions are ineffective in sus-
taining load voltage due to the limited capacity of the con-
verters. In addition, software modifications lack the capabili-
ty to protect a certain sensitive load. Therefore, hardware-
based solutions should be considered.
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Among hardware-based solutions, crowbar protection cir-
cuits are the most widely used and have been already com-
mercially adopted in many DFIG-based WECSs [18], [19].
But the problem of the crowbar protection circuit is that the
pulsation of the electromagnetic (EM) torque cannot be con-
fined. Custom power protection devices such as dynamic
voltage restorer (DVR) [20], [21], series GSC (SGSC) [22],
[23], superconducting fault current limiter-magnetic energy
storage (SFCL-MES) [24], and unified power quality condi-
tioner (UPQC) [25]-[27] are proposed for AC DFIG-based
WECSs, but they are not suitable for DC-DFIG-based WEC-
Ss due to the architectural difference of the two systems.
Various types of non-superconducting fault current limiters
(FCLs) [28]-[30] and SFCLs [31], [32] also provide good
hardware-based solutions, due to their advantages of low
cost and straightforward structure. However, several issues
should be noted: (D the load voltage cannot be accurately
compensated to the rated voltage; (2) without the utilization
of energy storage, the intermittency of the renewable power
sources cannot be well-addressed; ) various modified con-
trols are not suitable for FCLs, which limit its ability to sup-
press the voltage and current oscillations.

Relying on the development of the dual active bridge
(DAB) [33]-[35], some DC custom power protection devices
have been proposed. Based on the structure, the DC custom
power devices (CPDs) can be categorized into two main clas-
sifications, i.e., series CPD (SCPD) and parallel CPD (PCPD).
PCPDs including various kinds of energy storage interfaced
to power grid via power-electronic-based converters [36] -
[38], active power filter [39], and power flow controller [40]-
[42] provide an additional shunt path to regulate the current
quality of the DC transmission line. They can filter the DC
current ripple or smooth the time-varying stochastic power
caused by the intermittent renewable energy sources. In con-
trast, SCPDs are utilized to solve the voltage quality issue.
The typical SCPDs in DC systems include intelligent uninter-
ruptible power supply (IUPS) [43], DC-DVR or series volt-
age regulator (SVR) [44], [45], and superconducting magnet-
ic energy storage (SMES) based transformerless SVR (TLS-
VR) [46]. Although these hardware systems are used for DC
voltage restoration, a little concern is raised when the above-
mentioned SCPDs are used.

In the field of voltage quality, the DC voltage swell al-
ways appears along with the DC voltage sag [47], [48].
Therefore, the SCPDs are required to have a bidirectional
voltage compensation capability. However, the voltage direc-
tion of each side of the traditional DC/DC DAB is inherent,
which limits the ability to deal with either voltage sag or
voltage swell. For instance, the DC-DVR proposed in [44]
can only mitigate the voltage sag. To acquire the bidirection-
al voltage compensation capability, additional converters are
required, such as the TUPS proposed in [43] and the SVR
proposed in [45], but the increased number of converters
will result in a compliable control issue. The AC/AC matrix
converter [49] provides a more straightforward structure and
a more concise control for bidirectional voltage output. Ma-
trix-converter-based devices are presented in [50]-[52], and
their performances in voltage restoration are initially validat-
ed in [46].
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Combining the advantages of the DAB and matrix convert-
er and synthesizing the functions of PCPD and SCPD, a
DAB-based DC-UPQC is proposed in this paper to simulta-
neously improve the LVRT capability of the DC-DFIG and
regulate the output DC current and power. As an ESD for
smoothing the time-varying wind power, the SMES is adopt-
ed at the DC bus of DC-UPQC. The system configuration of
the DC-DFIG-based WECS with the integration of the DAB-
based DC-UPQC is shown in Fig. 1. The proposed DC-UP-
QC comprises three parts: (D a series-side DAB (SDAB) for
the voltage regulation, serving as an SCPD; 2 a parallel-
side DAB (PDAB) for the power management and current
quality improvement, serving as a PCPD; and 3 an SMES
serving as an energy storage system to carry out the energy
exchange with the two DABs, for storing the surplus energy
from the DC-DFIG under high wind speed and low load de-
mand, and releasing energy under low wind speed and high
load demand.

DC-DFIG-based WECS !

SMES-based
- DC-UPQC

.1 bC
L |micro-
7 grid

Fig. 1. System configuration of DC-DFIG-based WECS with integration
of DAB-based DC-UPQC.

The unbalanced oscillation of DC voltage should also be
considered. In AC systems, the dual control can be adopted
in dealing with the unbalanced AC voltage. The core con-
cept of this control system is to decompose the voltage/cur-
rent signals into positive- and negative-sequence components
and control these two signals separately [53], [54]. However,
this control system calls for additional phase-locked loop
(PLL) and three-phase (abc) to dg rotation coordinate trans-
formation (abc/dg transformation). If the dual control is in-
troduced into the control strategy of DC converter, the con-
trol system will be significantly complicated. The proportion-
al-integral plus resonant (PI-R) controller is also an alterna-
tive method for precisely tracking the AC current references
[55]. Nevertheless, there are some defects in the PI-R con-
troller. Firstly, the parameter estimation of the R regulator
will become more complex since the R regulator is in paral-
lel with the PI controller. Once the R controller is not pre-
cisely designed, the compensation accuracy will be influ-
enced. Secondly, the utilization of PI-R controller will result
in longer recovery time [56]. In this paper, to simplify the
control strategy and effectively suppress the DC voltage os-
cillation generated by asymmetrical fault, a band-pass filter
based DC dual control utilized in the SDAB and PDAB is
proposed. The complicated PLL and abc/dg transformation
are not required in the proposed DC dual control, but the
voltage and current oscillations can be well-suppressed.

In summary, the contributions of this paper are listed as
follows.

1) A DC-UPQC is proposed to simultaneously enhance
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the DC voltage and current qualities. Based on the modified
structure and the support of ESDs, the proposed DC-UPQC
has a wide range of four-quadrant V-/ compensation. Mean-
while, the DC dual control is proposed in this paper to sup-
press the second-order voltage and current ripples.

2) An SMES is adopted as an ESD to regulate the power
exchange via the two DABs of DC-UPQC. The structure, in-
ductance, critical current, and capacity of SMES are estimat-
ed in this paper for the systematical application.

3) A DC-DFIG-based case study is carried out. The LVRT
mechanism is analyzed in this paper, and the effectiveness of
the proposed DC-UPQC in improving the LVRT capability
and smoothing the output power is verified via simulation
analysis.

4) Experimental analysis is also conducted to validate the
circuit principle of the SDAB and PDAB, and demonstrate
the feasibility of the proposed DC dual control.

The remainder of this paper is organized as follows. Sec-
tion II introduces the modeling of DC-DFIG-based WECS
and its parameter responses under the DC voltage sag and
100 Hz DC voltage oscillation. Section III presents the struc-
ture and circuit principles of the proposed DC-UPQC. Sec-
tion IV introduces the control strategies of the proposed DC-
UPQC. Section V shows the simulation and experimental re-
sults of the protection performance of DC-DVR in the DC-
DFIG system. Section VI concludes the key findings of this

paper.
II. MODELING OF DC-DFIG AND SYSTEM ANALYSIS

A. Behaviors of DC-DFIG Under DC Voltage Oscillation

Assuming that the DC-DFIG works under the normal oper-
ation and the terminal voltage v, can be regarded as a con-
stant, the AC-side stator voltage v, of the DC-DFIG can be
rectified by the diode rectifier as a three-step AC square
wave, as shown in Fig. 2. Neglecting the initial phase, the
three-phase stator voltages v, v, and v, can be expressed
according to Fourier decomposition as [57]:

)= 2 in(o0)+ 5 L sinl(ons o)
v(n) =222

o3 Sl )
n(0)=22

{sm(a)Hn) 2 llsin{(6n+1)(a)t+37t)]}

(M
where V, is the amplitude of DC bus voltage; and o, is the
stator angular frequency.

Similar to the AC-DFIG system, the fundamental stator/ro-
tor voltage and flux linkage equations of the DC-DFIG-
based WECS can be established in the stationary af frame
[25], [58] as:
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Fig. 2. Waveform of single-phase stator voltage of DC-DFIG.
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where R and L are the resistance and inductance, respective-
ly; v, i, w, and w are the voltage, current, flux linkage, and
angular frequency, respectively, of which the space vector
forms are bold; subscripts s and r are the stator and rotor of
DC-DFIG, respectively; subscripts o and f represent a- and
f-axis values, respectively; and L, is the mutual induc-
tance.

Combining (2) and (3), the space vector of dynamic rotor
voltage can be expressed as:

. di, L )
vmﬂ: (Rr_JwrGL’) raﬂ+6L’ dt/; + f( soff —-R lsa/}_.]wrl//mﬂ)

Cop
“)
where e, is the transient electromotive force (EMF) intro-
duced by stator flux linkage; and o is the leakage coeffi-
cient, which can be expressed as:
L2
A )
According to (1), the space vector of stator voltage v,
can be expressed as:
j(6nt1)ow i|

v.m./)’ - [

Neglecting the stator resistance, the space vector of flux
linkage y,, can be expressed as:

o=1-

6n + 1 6)
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The space vector of rotor voltage can be then calculated
after the manipulation of (4) and (7) as:

di L
_ roff m .
V= (R At L, Ryt
2L v, +
|: )e j(ont1l)w :| (8)

1
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where s = (a)_y—a),)/a)é_ is the slip of DC-DFIG.
Considering that an asymmetrical fault occurs in the AC

grid, the connected DC voltage will experience a 100 Hz
DC voltage oscillation along with the voltage sag [59]. As-
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suming that a DC voltage oscillation occurs at =0 and by
ignoring the high-frequency harmonics, the space vectors of
dynamic equation of stator voltage under the pre-fault condi-
tion (#<0) and after the fault occurrence (#>0) can be ex-
pressed as [4]:

&)

vmﬂ =

2Vd j N 1 H(ntl
¢ + et 10
s ;6nil
dl Jwt j(ont1)w
vm/f |: 16n+1 j| +
Vsap

2Vd2 —jw .t Fi(bnt1) o t
s J— =% >
. [" Yt =0 (o)

v

-
where V,, is the amplitude of the DC voltage; and V', is the
amplitude of the AC components after a voltage dip. Equa-
tion (10) elaborates that the behavior of DC-DFIG under AC-
side asymmetrical fault is similar to that of AC-DFIG. The
positive- and negative-sequence stator voltages v, and
v,s Will induce positive- and negative-sequence stator flux
linkages, respectively. Meanwhile, a decayed DC component
of the stator flux linkage will also be introduced under the
DC voltage oscillation conditions [54], [55].

According to (7) and (9), the steady-state space vectors of
stator flux under the pre-fault condition (#<0) and after the
fault occurrence (£>0) can be expressed as:

2V . >+ *j(6n* Dt
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Note that the stator flux linkage cannot be abruptly
changed when a fault occurs. Assuming that the RSC pro-
vides no excitation voltage for the DC-DFIG and is open-cir-
cuit, the dynamic changes of the stator flux linkage after the
fault occurrence can be derived as:

d'l/saﬂ RS
Tar Ve Ve (13)

Combining (9)-(13), the transient stator flux can be ex-

pressed as:
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where 7, =L /R is the time constant of stator; and ¢, is the
fault occurrence time. In (14), we set ¢,=0.

By substituting (14) into (8), transferring the space vector
of rotor voltage into rotor reference frame, and ignoring the
influence of the stator current, the EMF in (4) under the DC
bus voltage sag with oscillation can be re-written as:

2Vd1 jo gt Sos—1 1 ti(ent o, t
e’ 4 1+ e\ EYapt |y
T ; 6ntl onxl

2V, e I(2=9)o; (d—s)e Ao t 1 ) _
b [(2 z 6ntl I+ 6nxl
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SH(ent1)’
2 (0 - de) (S _ 1)e’j’”.sto + z +(S - 1) j(6nt 1w, e—r/rxefw,.t
n a1 (6n+ 1)

15)
where ©, = - o,. Equation (15) shows that the dynamic
process of rotor voltage is significantly complex. Neglecting
the high-frequency component, three compositions can be ob-
served in the transient rotor EMF e ;: (D an AC component
that rotates anticlockwise at a speed of @, @ an AC com-
ponent that rotates clockwise at a speed of (2—s)w,; and 3
an AC component that rotates clockwise at a speed of w,,
and decays with the time constant z,. The second and third
components are transient signals that will also lead to a mas-
sive oscillation of the EM torque and damage of the gearbox
and converter.

B. Behaviors of DC-DFIG Output Power under DC Voltage
Oscillation

Under the DC voltage oscillation, the amplitude of DC
voltage will be changed from V, to V, +V ,sin(2w,¢), by on-
ly considering the 2w, frequency oscillation. Accordingly,
the output current of DC-DFIG can be expressed as /[, +
1,sin2w t+¢,) with consideration of the nonlinear elements
in the DC transmission cable, where ¢, is the shifting phase
between the DC voltage and current oscillations. The out-
put power of DC-DFIG-based WECS can be then de-
rived as:

P,= (Vy+Vysin(20,0))(1,+1,sin(20,0+9,)) =P, +
(16)

where subscripts 1, sin2, and sin4 of P, represent the DC,
2w, and 4w, components of the output power, respectively.
Since the amplitudes of DC voltage and current oscillations
(V,, and I,) are generally small, the 4w, component can be
neglected in the analysis. Equation (16) reveals that there
will be no oscillation of voltage, current, and power in the
transmission line under the normal conditions. With unbal-
anced disturbances, conversely, these coefficients are not
equal to zero, and the main power oscillation is with a fre-
quency of 2w,.

Synthesizing the above analysis, a hardware device is re-
quired for power compensation due to the intermittent and

P i SIN ( 2wst) + P s SIN (4th)
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volatility of wind energy. The regulation of DC terminal volt-
age is also necessary to improve the LVRT capability of the
DC-DFIG. Meanwhile, an advanced control strategy is also
required to suppress the voltage, current, and power oscilla-
tions.

III. CirculT PRINCIPLE OF DAB-BASED DC-UPQC

A. System Configuration

The detailed model of DC-UPQC is shown in Fig. 3,
where v,, v,, and v, are the DC-DFIG-side, grid-side, and
SDAB-side volages, respectively; i, i,, and i, are the DC-

LV DC bus
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DFIG-side, grid-side, and PDAB-side currents, respectively;
v, 1s the bus voltage of ESD; i . is the SMES current; vy-
vy and iy,-iy, are the voltages and currents of the bridges 1-
4 at the high-frequency side, respectively; v, and i, are the
output voltage and current of bridges 2 and 4, respectively;
and v, is the inductance voltage of L,. The system consists
of two main parts: SDAB and PDAB. The output port of PD-
AB is serial with the DC transmission line near the DC mi-
crogrid, while the output port of SDAB is in parallel with
the DC transmission line in front of the terminal of the DC-
DFIG-based WECS. The input ports of the two DABs are
connected, formulating an ESD bus, where the SMES and
its converter are connected.

DFIG-DC-based
WECS

DC

microgrid

Fig. 3. Detailed configuration of proposed SMES-based DC-UPQC.

The SDAB is to maintain the voltage profile under grid
faults. According to Fig. 1, the relationship of the DC-DFIG-
side voltage v,, grid-side voltage v,, and compensation volt-
age v, is:

V=Vt v, (17)

Equation (17) reveals that the SDAB can introduce a cer-
tain DC voltage in series with the DC cable under DC volt-
age quality events. It can improve the LVRT capability of
the DC-DFIG and protect crucial elements of the system.

The PDAB has two functions: () compensating the vari-
able output power of DC-DFIG under wind gust situations;
and (2 enhancing the current and output power qualities of
DC-DFIG under DC fault events. As shown in Fig. 1, the re-
lationships of the current and power at the DC-DFIG side,

PDAB side, and grid side can be expressed as:
i+ =i,

(18)

P,+P,=P, (19)

B. SDAB
To simplify the analysis of the circuit principle, the SDAB

and PDAB are considered as single phase-shifting (SPS) con-
trol strategies. Figure 4 shows the crucial parameter respons-
es of the SDAB, where T, represents the half period; and ¢,
is the ratio of shifting phase in SDAB. Under the control by
the SMES and DC/DC converter, the DC bus voltage of DC-
UPQC V¥, can be considered as a constant. The relationship
among of ¢, v, and V,, can be expressed as:

vc:_2|:¢.vn.dec+ (% _(ps)( _ndec):| = (4(0.v_ 1) ndec (20)

where 7, is the turn ratio of the high-frequency transformer
in the SDAB. Equation (20) claims that ¢, is correlated lin-
early with the output voltage of SDAB v,.. When ¢, is equal
to 0.5, the output voltage of SDAB is equal to zero. When
@, is in a range of [0, 0.5), a backward voltage compensa-
tion can be provided by the SDAB in a range of [-nV,, 0)
for voltage sag compensation, as shown in Fig. 4(a). When
@, 1s in the range of (0.5, 1], a forward voltage compensa-
tion will be generated by the SDAB, and the compensation
is in a range of (0, nlV,] for voltage swell suppression, as
shown in Fig. 4(b).
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Fig. 4. Operation of SDAB for voltage sag compensation and voltage swell suppression. (a) Voltage sag compensation. (b) Voltage swell suppression.

There is an external inductance L, that can be used to lim-
it the rate of current increment and conﬁne the current stress
of SDAB. The current stress is equal to the peak value of
iy, defined as /,, which can be also observed in Fig. 4. As-
suming that 7,4 is zero, the value of /, can be calculated as:

_[p_lp

Lﬂﬁ =Vp—2nV,
21
. 1,-(-1) . @n
"(05-p,)1, "
n,V
L=p(1-20,)" ﬂ}” 22)

where T .=

ing frequency; and v, is the voltage across the inductance
L. According to (22), the inductance L, can be used to con-
trol the current stress of the SDAB. .

The relationships among the output voltage of SDAB v,,
inductance voltage v,,, and output voltage of bridge 2 v, can
be expressed as:

1/f; is the switching period, and f; is the switch-

K

V,=V,— (23)

Vi

C. PDAB

The working principle of PDAB is consistent with the tra-
ditional DAB investigated in [60]-[62]. There is a series in-
ductor L, that controls the current rise and decides the pow-

er level of PDAB. The operation of PDAB under the back-
ward and forward current flow conditions is shown in Fig.
5. The compensation current i, can be obtained from i, with
the function of LC filter C, and L,
The inductance current i,,,(¢) can also be expressed as:
dig,(7) _ Via(t) =vis(t)
dt L,

24

Considering that the average current flowing through the
inductance L, in a period is considered as zero; the power
delivery of PDAB in a period of 7, can be derived by:

pvdVdc

PH4:%J vH4ZH4(t)dt_ fL (1_2%’)

where 7, is the turn ratio of the PDAB; and ¢, €[-0.5, 0.5]
is the ratio of shifting phase in PDAB. During the normal
operation, the magnitudes of V,. and v, can be considered as
constants. The filter inductance L, controls the current rise
and can be used to estimate the capacity of PDAB.

D. Design of SMES

As one of few current sources, SMES is an emerging tech-
nology that can store the magnetic energy in a superconduct-
ing coil (SC), and release the stored energy when required.
Compared with other commercial ESDs such as battery ener-
gy storage (BES) with a low-power capacity, the high-power
capacity of SMES makes it more suitable for MW-class ap-
plications.

(25)
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flow condition.

Moreover, the cost of power loss in the battery is consider-
able. As for the supercapacitor, it is necessary to keep the en-
ergy uniformity of each cell, so the additional cost of the on-
line condition monitoring and the voltage/current balancing
control should also be considered. In comparison, the SMES
is actually an individual SC. Therefore, the voltage balanc-
ing control and condition monitoring are not necessary.
Moreover, if one supercapacitor component breaks, the per-
formance and stabilization of supercapacitor will be influ-
enced. Conversely, the SMES has better stability as an ESD
due to its individual structure [63], [64].

The expensive capital cost of SMES is always criticized.
Recently, many new structures of SMES have been designed
to increase the critical current, reduce the usage of supercon-
ducting tape, and lower the cost. Among the existing investi-
gations, the step-shaped solenoidal coil obviously enlarges
the critical current (1.4 times that of the rectangular-shape
coil) and decreases the amount of tape usage (80% of the
rectangular-shape coil) [65], [66]. However, the above struc-
tures are based on 1G superconducting strip. As the newest
research achievement, the 2G-strip-based varying-axial-gap
structure proposed in [67] and adopted in this paper is prov-
en to enlarge around 40% energy capacity for an MlJ-class
SMES case compared with the regular-shape coil.

Figure 6(a) shows a structure of a designed varying-axial-
gap solenoidal SC among certain pancakes. The designed SC
is made up of Q single pancakes. Among them, 2m single
pancakes have a fundamental gap of g and a gap increment
of Ax; while Q—2m single pancakes have a constant axial
gap of d. The wire of each single pancake is winded using N
turns, and the inner radius and outer radius of each pancake
are R, and R, respectively.
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Fig. 6. Design of SMES. (a) Structure of designed varying-axial-gap sole-
noidal SC. (b) Electrical connections of eight SMES elements.

After the optimal design and calculation, the structural pa-
rameters of the designed varying-axial-gap solenoidal SC are
0=80, N=19, R,=0.5 m, R,=0.5076 m, m=11, Ax=1 mm,
g=1 mm, and d=0, respectively. However, due to the inter-
nal packaging issue of the strip in practice, the constant axi-
al gap can be considered as d~0.8 mm. The usage of the su-
perconducting tape is about 5 km. With these parameters,
the critical current of the designed SMES element is about
900 A, and the inductance and capacity of the designed
SMES element are 2.57 H and 1.04 MJ, respectively.

In this paper, the adopted SMES device contains eight de-
signed SMES elements. The electrical connections of the de-
signed SMES are shown in Fig. 6(b). The eight SMES ele-
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ments are firstly divided into two components, and each
component consists of four SMES elements connected in se-
ries. The critical inductance and current of each component
are 10.28 H/900 A, respectively. The two components are
further connected in parallel to compose a 5.14 H/1800 A
SMES unit, whose capacity is 8.32 MJ. The designed com-
posite SMES element can meet the capacity requirement con-
sidering the demanded wind power compensation capacity.

IV. CONTROL STRATEGIES

It is necessary to introduce an oscillation regulator to miti-
gate the DC voltage, current, and power oscillations under
unbalanced AC-side grid faults. Figures 7 and 8 show the
control strategies of the proposed SMES-based DC-UPQC.
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Fig. 7. Filters used in proposed SMES-based DC-UPQC. (a) Bode dia-
gram of band-trap filter. (b) Bode diagram of band-pass filter.
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A. Control of SDAB

To separately regulate these two voltage components, as
depicted in Figs. 7 and 8, the terminal voltage of sampled
DC-DFIG v, can be decomposed to a DC component v, by
the band-trap filter, and an oscillatory component v, by the
band-pass filter. The two filters are used to implement the er-
ror-free tracking control. The open-loop transfer function of
the band-trap filter can be expressed as:

s7+ (27tf)2
S s+ (27[f)2

where /=100 Hz; and w, is the cut-off frequency, which can
be adjusted to decrease the sensitivity of the frequency fluc-
tuation. Figure 7(a) shows the bode diagram of the band-trap
filter when w, is equal to 2V/2 mf rad/s. The difference be-
tween the actual and reference signals (v, and v},) is consid-
ered as the input signal of PI controller, while the reference
signal v}, is assumed to be equal to the rated terminal volt-
age of DC-DFIG.

To precisely obtain the oscillatory signal, a band-pass fil-
ter is introduced, and the open-loop transfer function of the
band-pass filter is expressed as:

G(s)=

G(s)= (26)

2nfs
S s+ (27cf)2

The bode diagram of the open-loop band-pass filter is
shown in Fig. 7(b) with the cut-off frequency of w,=10 rad/s.
The oscillation signal v,, is then carried out from a virtual
ofldg transformation, which is adopted via a m/2 transport
delay model. The process can be expressed mathematically
as:

27

—jot

(28)

The obtained signals v,,, and v, are DC signals, which
are easy to be regulated by PI controllers. Since the generat-
ed dq signals v, and v,,, are separately regulated, the input
angle frequency of the dq transform does not call for the ini-
tial angle phase and PLL to track the oscillatory voltage.
The reference dg signals of the oscillation components v),,
and v, are equal to zero.
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Fig. 8. Control diagram of proposed SMES-based DC-UPQC.
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After the PI regulation, a dg/af inverse transformation is
utilized, and the obtained a-axis component is used as the
output signal of the oscillation regulator. The phase-shifting
control can be implemented by adding the output signals of
the DC regulator and the oscillation regulator. Note that the
o-axis component is an AC signal with a rotating frequency
of 100 Hz. When a voltage oscillation occurs, the ratio of
the shifting phase contains two components, i.e., a DC com-
ponent for voltage magnitude compensation and an AC com-
ponent for voltage oscillation suppression.

B. Control of PDAB

The PDAB also uses the similar control structure as SD-
AB. There are two alternative control targets designed for
power compensation and current quality enhancement, re-
spectively: (D) target 1: constant power control; and ) target
2: constant current control.

Under the constant power control, the grid-side power P,
is considered as the input signal, while under the constant
current control, the output current of DC-DFIG i, is as-
sumed as the input signal. Similar to the control of SDAB,
the reference signals of the DC power and current (P;1 and
iy,) are equal to the rated power and current of the DC-
DFIG, respectilvely, and the reference signals of the oscilla-
tion components (P, and P, or i,, and iy ) are equal to
Zero.

C. Control of SMES

The function of SMES is to sustain the DC bus voltage as
a DC power supply of DC-UPQC. The control of the DC-
DC converter is shown in Fig. 8. The DC bus voltage v, is
sampled, and the difference of the actual and reference sig-
nals (v, and v, ) is fed into the PI controller. Finally, a duty
cycle can be generated in the range of [0, 1] by adding the
output signal of the PI controller to an offset constant of 0.5.

V. SIMULATION RESULTS

A 1.5 MW DC-DFIG-based WECS with the integration of
the proposed SMES-based DC-UPQC using MATLAB/Simu-
link is shown in Fig. 1. In the study model, the DC-DFIG is
connected to a 1 kV DC source. Initially, the DC-DFIG
works at a steady state, and the output power is the rated
power (1.0 p.u.). The slip of the DC-DFIG is set to be —0.2.
The inductance, critical current, and capacity of the SMES
are 5.14 H, 1800 A, and 8.32 MJ, respectively, and the ini-
tial current of SMES is 1272 A. The turn ratios of the SD-
AB and PDAB 7, and n, in the DC-UPQC are both 2:1,
which means the DC bus voltage of DC-UPQC is 500 V.
The filter inductances of bridegs 2 and 4 L, and L, are 200
pH and 10 pH, respectively. The current compensation range
is about [-1250 A, 1250 A] with the adopted filter inductanc-
es. It means that the unsteady output power resulting from
the volatility of wind energy can be smoothed by the PDAB
when the output power of DC-DFIG fluctuates in the range
of [0.25 MW, 2.75 MW].

To give a round performance validation of the proposed
targets, three cases are analyzed in the simulation and listed
as follows: (D Case 1: without any control system; (2) Case
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2: with the proposed DC-UPQC but without the DC dual
control; and 3 Case 3: with the proposed DC-UPQC and
DC dual control.

A. Behaviors of DC-DFIG with Variable Wind Speeds

Under variable wind speeds, the PDAB plays a leading
role in smoothing the output power of DC-DFIG. The two
control targets are both available for output power mitigation
since the DC source voltage can be regarded as a constant
during the normal operation. Figure 9 shows the wind speed
variation, power conditions of the DC-DFIG, DC-UPQC,
and DC source, and the response of the SMES current with
variable wind speeds. The 60 s emulated wind speed data
varying from 11 m/s to 19 m/s based on the Kaimal wind
speed model [68] are adopted in the simulation. Besides,
some assumptions are made with variable wind speeds: (D
there is no power quality disturbance with variable wind
speeds; (2) an average wind speed of 14 m/s is considered as
the nominal speed of DC-DFIG; and (3 there is no extreme-
ly high-speed wind gust or breezeless condition.
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Fig. 9. Wind speed variation, power of DC-DFIG, DC-UPQC, and DC
source, and SMES current with variable wind speeds. (a) Wind speed. (b)

Responses of output power of DC-DFIG, grid-side output power, and inject-
ed power of PDAB. (¢) SMES current during power compensation process.

SMES
current (A)

As illustrated in Fig. 9(b), the output power of DC-DFIG
will fluctuate in the range of [0.8 p.u., 1.4 p.u.] following
the wind speed variations. With the proposed compensation
strategy, the PDAB of DC-UPQC will inject a specific cur-
rent to keep the total output power of DC-DFIG and DC-UP-
QC at a constant level (1.0 p.u.), smoothing the unsteady
output power and eliminating the potential system stability
issues. Reflected by the SMES current, the state of charge
(SOC) of SMES will fluctuate between 10% and 90% to ad-
just the total output power with variable wind speeds. Figure
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9(c) reveals that the designed SMES has a sufficient capaci- under DC voltage sag with oscillation. At 1=0.5 s, 80% volt-
ty and a compelling performance in dealing with the power age depth is assumed to take place due to line-to-line fault
fluctuation with time-varying wind speeds. in phases A and B. Without any controller, the terminal volt-

age of DC-DFIG falls from 1 kV to 466.7 V. Meanwhile, a
B. Behaviors of DC-DFIG Under AC-side Line-to-line Fault 100 Hz voltage oscillation appears with the amplitude of

Figure 10 shows the parameter responses of the DC-DFIG 176.3 V.
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Fig. 10. Responses of terminal voltage, EM torque, magnitudes of stator and rotor currents, output current and power of DC-DFIG under DC voltage sag
with oscillation. (a) Without any controller in Case 1. (b) Under constant power control in Cases 2 and 3. (c) Under constant current control in Cases 2 and 3.

3 L

As shown in Fig. 10(a), the crucial parameters, including cant oscillations. Such oscillations will lead to a severe heat-
EM torque, stator current, and rotor current, are all beyond ing problem in the machine and may damage the expensive
the maximum permitted values (2.0 p.u.) along with signifi- gearbox of the wind turbine. As a result, there is a substan-
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tial spike in the output DC current and power at the begin-
ning of the fault occurrence. Meanwhile, there is also a huge
100 Hz oscillation in the output DC current and power.

As shown in Fig. 10(b) and (c), the application of the DC-
UPQC considerably improves the LVRT capability of DC-
DFIG and the qualities of DC current and power. However,
without the DC dual control, the oscillations of the DC volt-
age, current, and power cannot be eliminated (red curves in
Fig. 10(b) and (c)). The total harmonic distortion (THD)
spectrum of the DC voltage, output current, and power is
shown in Fig. 11. Under the constant power control in Case
2, there is still a 100 Hz oscillation in the DC output power,
and its THD is about 7.75% of the DC component. Under
the constant current control in Case 2, the DC output current
contains a 100 Hz current oscillation, whose THD 1is about
4.05% of the current DC component. Without the DC dual
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control, the THD of the DC-DFIG terminal voltage is
1.83%, which still has a potential possibility of system
component destruction.

With the DC dual control, the DC power and current qual-
ity can be further enhanced under the constant power and
current control, respectively (green curves in Fig. 10(b) and
(¢)). It can be observed from the THD spectrum that the 100
Hz oscillations of the DC current and power are almost
cleared. The THD of the DC power is 1.33% under the con-
stant power control, while the THD of the DC current is
0.44% under the constant current control. With the DC dual
control in SDAB, the THD of the DC-DFIG terminal volt-
age is only about 0.06%, which reduces the tripping risk of
the DC-DFIG and protects the crucial elements within the
system.
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Fig. 11. THD spectrum in Cases 1-3. (a) DC voltage of DC-DFIG. (b) Output current under constant current control. (c) Output power under constant

power control.

Figure 12 shows the responses of SMES current with the
two control targets in Cases 2 and 3. Under the constant
power control, the absorbed energy will be simultaneously
released by PDAB to keep the output DC power at its rating
level. Therefore, the SMES current is almost unchanged,
varying from 1271.8 A to 1274 A during the whole transient
process, as shown in Fig. 12(a). Under the constant current
control, the output DC current to the DC source is con-
trolled as the rated current, and no compensation power is in-
jected from the PDAB. The SMES only absorbs the surplus
energy from the SDAB, and the SMES current raises from
1272 A (at t=0.5 s) to 1331 A (at =1 s). Meanwhile, the
SMES current slightly fluctuates due to the power fluctuation
caused by the DC voltage oscillation, as shown in Fig. 12(b).
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Fig. 12.  Response of SMES current in Cases 2 and 3. (a) Under constant
power control. (b) Under constant current control.

C. Experimental Results

A 50 V/5 A experimental setup is established to prove the
effectiveness of the proposed DC dual control. The platform
is shown in Fig. 13. To simplify the experimental setup, a
DC source is served as the DC power supply of the DC-UP-
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QC. Circuit principles of these two structures are also veri-
fied in this experiment. To avoid unnecessary risks in the ex-
periment, the voltage sag and swell are generated via a volt-
age divider instead of the short-circuit fault. In this experi-
ment, the turn ratio of the high-frequency transformer is 2:1;
the DC power supply of the DC-UPQC is set to 25 V; the
filter inductances L, and L, are 200 pH and 100 pH, respec-
tively, which means the maximum power output capacity of
the PDAB is in the range of [-625 W, 625 W].

DSP
I;—| controller

Fig. 13. Experimental setup. (a) Schematical diagram of UPQC. (b) Exper-
imental platform of DC-UPQC.

1) Circuit Principle

Figure 14 shows the experimental results of the SDAB un-
der the normal operation and PDAB under 5 A current com-
pensation. As can be observed, the waveforms of the SDAB
and PDAB are consistent with the theoretical waveforms
shown in Figs. 4 and 5, respectively. Therefore, the experi-
ment proves the correctness of the basic principles of the
SDAB and PDAB introduced in Section III.

2) Voltage and Current Compensation

Figure 15 shows the parameters of load voltage v, 4, com-
pensation voltage v,, grid-side current i, and compensation
current i, under voltage sag/swell compensation and load
variation condition with the protection of DC-UPQC. The
control targets of the PDAB and SDAB in DC-UPQC are
constant source current and constant load voltage, respective-
ly.

As shown in Fig. 15(a) and (b), under disturbances of
25% voltage sag and 25% voltage swell, respectively, the
load voltage v,,, can be well-maintained via SDAB to the
nominal value. In Fig. 15(c) and (d), a £2.5 A load variation
is introduced, lasting for 200 ms. At that time, the PDAB
will introduce a compensation current into the DC bus, and
the grid-side current can be maintained at 5 A.
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Fig. 14. Experimental results of circuit principle. (a) Circuit principle of
SDAB under normal operation. (b) Circuit principle of PDAB under 5 A
compensation.

3) Oscillation Suppression

Figure 16 shows the responses of SDAB parameters (grid-
side voltage v,, compensating voltage v, load voltage vy,
and load current i, ;) under the DC voltage sag with oscilla-
tion.

In Fig. 16(a), the DC dual control is not used. As can be
observed, although the amplitude can be accurately enhanced
to the rated value, the oscillation cannot be well-suppressed.
With the DC dual control, both the DC voltage amplitude and
the voltage oscillation can be well-compensated within 100
ms, as shown in Fig. 16(b). Therefore, the proposed DC dual
control has a better dynamic performance than the traditional
control when dealing with the second-order voltage ripple.

Figure 17 shows the responses of PDAB parameters (grid-
side current i,, compensation current i, load current i,
load voltage v, 4, and load power P, ;) under DC voltage os-
cillation sag. Figure 17(a) and (b) shows the results of con-
stant power control in Cases 2 and 3, respectively. Whereas,
Fig. 17 (c) and (d) show the results of constant current con-
trol in Cases 2 and 3, respectively. It is evident that the load
current and power oscillations cannot be precisely eliminated
with traditional control methods. With the DC dual control,
the oscillations of the load current and power can be cleared
rapidly, and only a few high-order harmonics exist in the
waveforms of load current and load power. The experiment
results for PDAB prove the effectiveness of the two control
targets and the DC dual control in PDAB.

D. Comparison with Other DC Control Strategies

Table I shows a comparison between the proposed DC-UP-
QC and other existing DC control strategies, including the
control method in [39], DC-PFC in [40], IUPS in [43], SVR
in [45], and SMES-TLSVR in [46].
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Fig. 17. Experimental results for PDAB under DC voltage sag with oscillation. (a) Constant power control in Case 2. (b) Constant power control in Case
3. (c) Constant current control in Case 2. (d) Constant current control in Case 3.
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The attractive features of the proposed DC-UPQC can
be summarized as follows.

1) Unlike other traditional DC controllers, the proposed
DC-UPQC system has superior features in terms of perform-
ing the functions of voltage sag/swell mitigation, power sup-
plement, and voltage and current harmonics elimination.

2) The proposed DC-UPQC system provides a new strate-
gy for ESDs such as SMES to interface with the LV DC mi-
crogrid to simultaneously improve the voltage quality simul-
taneously, smooth the fluctuated power of renewable energy,
and suppress voltage and current oscillations during AC volt-
age unbalance events.

TABLE I
COMPARISON BETWEEN PROPOSED DC-UPQC AND EXISTING DC CONTROL
STRATEGIES
Strate Voltage Voltage  Power Voltage Current

gy sag swell regulation oscillation oscillation
Method in [39] X X x J J
DC-PFC [40] X x x x
IUPS [43] J N x x
SVR [45] J J x x x
SMES-TLSVR [46] J J x X x
Proposed DC-UPQC J J J J J

Note: “x” and “V” represent the device is without and with this function,
respectively.

VI. CONCLUSION

An SMES-based DC-UPQC is proposed in this paper. The
topologies of its compositions, i.e., SDAB, PDAB, and
SMES, are fully described. The DC dual control strategies
of the DC-UPQC with consideration of DC and oscillation
regulators are presented.

Parameter responses of the DC-DFIG and grid-side power
oscillations under DC voltage sag with oscillation are ana-
lyzed. With the connection of the proposed controller, simu-
lation results show that all crucial parameters of the DC-
DFIG can be well constricted within their maximum permit-
ted values. With the large-power SMES, the proposed DC
dual control of the SDAB and PDAB can also be well-imple-
mented under DC voltage oscillations.

An experiment is carried out to verify the proposed DC
dual control of the DC-UPQC. Experimental results verify
the correctness of the circuit principle of the SDAB and PD-
AB, and the effectiveness of the modified control strategies
is also validated.

Conclusively, the proposed scheme has several outstand-
ing features over other existing DC protection devices. This
includes straightforward structure, capability of simultaneous-
ly handling the DC voltage and current quality with wide
compensation range, and providing improved control strate-
gy for voltage, current, and power oscillation suppression.
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