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Abstract—For the distributed static synchronous compensator
(D-STATCOM), the sequence extraction (SE) is generally necessary
in dual sequence current controls (DSCCs) based on double syn-
chronous reference frame (SRF), when the D-STATCOM suffers
from unbalanced grid voltage. However, the SE will narrow down
the control bandwidth and increase the control complexity. In this
article, the influences of not using SE on the DSCC are analyzed.
On this basis, a self-decoupled dual sequence current control
(SDDSCC) is proposed. Accordingly, a novel control parameter
design method of SDDSCC is also proposed. The SDDSCC can
achieve two types of decoupling. One is the positive and negative
sequence current decoupling in double SRF without SE. The other
is the dq current decoupling without specialized dq decoupling
method. Due to not using SE and specialized dq decoupling method,
the control bandwidth of the proposed SDDSCC is larger, and
the current dynamic response is faster, and the control structure
and implementation are simpler. Besides, the control parameter is
easily determined by the novel control parameter design method,
without multiple iterations of design. Experimental results verify
the proposed scheme.

Index Terms—Control parameter design, decoupling,
distributed static synchronous compensator (D-STATCOM),
dual sequence current control (DSCC), unbalanced grid voltage.

I. INTRODUCTION

D ISTRIBUTED static synchronous compensators (D-
STATCOMs) have been employed for voltage regulation,

harmonic elimination, power factor correction, and renewable
energy grid connection system stability improvement [1], [2],
[3], [4].

According to [5], 67% of the grid faults are single-line-to-
ground, 25% are line-to-line, 5% are three-phase and three-
phase-to-ground and 3% are two-lines-to-ground faults. In the
distributed network, the grid impedance is mainly inductive
[6]. Therefore, D-STATCOM, photovoltaic inverters and wind
power converters are required not only to remain connected
to the power grid but also to output a certain positive and
negative sequence reactive current to support the grid voltage
when unbalanced grid faults occur, which is the low-voltage
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Fig. 1. German grid code requirements. (a) LVRT capability. (b) Reactive
current injection requirement.

ride-through (LVRT) capability [7], [8]. Spain, German, and
Denmark have already published the LVRT grid codes and
reactive current injection requirements for the grid-connected
converters in 2008, 2006 and 2004, respectively, [9], [10], [11].
As an example, the German E.ON Netz grid code is shown
in Fig. 1 [10]. It can be seen in Fig. 1(a) that only when the
grid voltage falls below the red curve, the converter is allowed
to disconnected from the grid. Otherwise, it should inject a
certain amount of reactive current which is defined in Fig. 1(b).
Furthermore, the faster the reactive current is injected, the faster
the grid voltage will recover from a fault, which ensures that the
LVRT is realized. According to the recently issued German grid
code VDE-AR-N 4110 [12] and [13], the positive and negative
sequence reactive current references are set to be proportional
to the variations of the positive and negative sequence voltage,
respectively. Other common positive and negative sequence
current reference generation schemes during unbalanced faults
can be given in [7], [8], [14], [15], [16], and [17].

To fulfill the reference tracking of unbalanced current, dif-
ferent current control schemes are proposed. One common
current control is the proportional plus resonant (PR) control,
implemented in the stationary reference frame to track the
fundamental signal [14], [15], [16], [17], [40]. However, the
current references need to be reconstructed into fundamental ac
forms by inverse Park transformation, if the active and reactive
current references are given in dc forms originally. This will
inevitably increase implementation complexity. Besides, ideal
PR has the stability issue and is difficult to implement due
to the finite precision of digital control system and its effect
may suffer from the impact of grid frequency deviation [18],
[19]. Another current control scheme is the combination of a
proportional integral (PI) controller and a resonant controller,
implemented in the single positive sequence SRF or double SRF
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without sequence extraction (SE) [20], [21], [22]. However, this
scheme also has the issue with the complex implementation of
the resonant controller. Besides, the d-/q-axis current reference
reconstruction is also needed if the original reference is given in
the dc form, which will increase the implementation complexity.

Since active/reactive current can be directly controlled by d/q
current in the SRF, one dual sequence current control (DSCC)
based on double SRF is proposed in [23], and each sequence
d or q-axis adopts one PI controller. Compared with resonant
controller, this scheme is simpler in the controller design and
digital implementation. In addition, the current reference can
be simple dc form and no current reference reconstruction is
needed. However, the interaction between current vector and
different sequence SRF gives rise to a coupled second harmonic
component in each d- or q-axis. This coupling will lead to the fact
that positive and negative sequence current cannot be controlled
independently from each other. To achieve the independent con-
trol of dual sequences, common sequence component separation
methods include notch filter (NF) [23], [24], [25], delay signal
cancellation [26], and dual second-order generalized integrator
[27], [28], [29]. However, this will increase the control complex-
ity and introduce phase delay and significantly narrow down the
current control bandwidth [30]. In [31], a scheme based on the
decoupled double SRF is used to suppress the coupled second
harmonic component. However, a low-pass digital filter with
relatively low cutoff frequency is still needed.

To solve the issues caused by the SE in double SRF, a DSCC
without SE is proposed in [32] and [33]. However, in order
to eliminate the influences of the coupled second harmonic
component, each d or q current reference in double SRF is
required to be reconstructed from the original simple dc form
to the combination form of a DC component and a second har-
monic component through inverse Park transformation, which
will inevitably increase the control complexity. Common dc
form current reference generation schemes in double SRF under
unbalanced grid voltage can be given [38] and [39]. Besides, for
suppressing the dq coupling in double SRF, a specialized dq
current decoupling method is generally needed in the current
control [23], [24], [25]. However, the dq current decoupling
effect of the scheme in [32] using current reference feedforward
instead of real-time current feedback is limited. In [33], how
to solve the dq current coupling issue in double SRF was not
mentioned.

In this article, the aforementioned problems of the conven-
tional DSCC based on double SRF are planned to be solved under
the conditions of no SE and current reference reconstruction. On
this basis, the specific influences of no SE on the conventional
DSCC are analyzed and clarified. Inspired by the analysis results
of the influences, a novel self-decoupled dual sequence current
control (SDDSCC) scheme is proposed in this article. Accord-
ingly, a novel control parameter design method of the SDDSCC
scheme is also proposed.

The contributions of this article can be shown as follows.
1) The influences of no SE on the conventional DSCC in

double SRF are analyzed and clarified. On this basis, the
SDDSCC is proposed.

2) The proposed SDDSCC can achieve two types of decou-
pling. One is the positive and negative sequence current

Fig. 2. Circuit of D-STATCOM and AC network.

decoupling in double SRF without SE. The other is the dq
current decoupling in double SRF without specialized dq
decoupling method.

3) Compared to the conventional scheme with SE, the current
dynamic response of the proposed SDDSCC is faster,
because no delayed digital filter for SE is used in control
loop.

4) The control structure and implementation of the proposed
SDDSCC are also simpler, because it does not need SE
or specialized dq current decoupling or current reference
reconstruction.

5) The control parameters of the SDDSCC can be easily de-
termined by the proposed novel control parameter design
method without multiple iterations of design.

Experimental results verify the proposed SDDSCC scheme.

II. INFLUENCES OF NO SEQUENCE EXTRACTION ON

CONVENTIONAL DSCC

Fig. 2 shows the circuit of the D-STATCOM, including a
three-phase voltage source inverter, a dc-side capacitor Cdc, and
an LCL output filter. In this article, the power grid and other grid-
connected inverters at the point of common coupling (PCC),
together are equivalent to a Thevenin equivalent voltage source
ugabc in series with a grid impedance Lg, as shown in Fig. 2.
When the grid voltage ugabc is unbalanced, the voltage uabc at
PCC becomes unbalanced accordingly. Unbalanced voltage or
current can be decomposed into three balanced components in
positive, negative and zero sequence. In a three-phase three-wire
system, there is no zero sequence component. In this article,
the positive and negative sequence quantities are denoted by
subscripts p and n, respectively. The quantities without SE in
the positive and negative sequence synchronous reference frame
(SRF) are denoted by subscripts pSRF and nSRF, respectively.
The quantities in different axes of SRF are distinguished by
subscripts d and q, respectively.

A. Conventional DSCC

To eliminate the positive and negative sequence current cou-
pling in conventional DSCC, SE is generally used. However, it
will inevitably narrow down the current control bandwidth and
increase the control complexity. In this article, the NF is taken
as an example to illustrate this issue.

The control block diagram of conventional DSCC based on
NF is shown in Fig. 3. The NF can be expressed as

GNF(s) =
s2 + ω2

2

s2 + ω2s
/
Q+ ω2

2

(1)
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Fig. 3. Control block diagram of conventional DSCC with the NF.

Fig. 4. Positive sequence q axis equivalent control block diagram of conven-
tional DSCC with NF.

where ω2 is the notch frequency, which is set to twice the
fundamental frequency ω1; and the Q is quality factor, which
is set to 0.707 [34].

In Fig. 3, a specialized dq current decoupling is used, which
includes four ω1(L1+L2) paths and ignores the high frequency
signal coupling path ω1C [35]. uM is the total modulation
reference. θp/θn is positive/negative sequence coordinate trans-
formation angle, θp = –θn = ω1t. θp is obtained by locking the
phase of the positive sequence voltage in uabc. Rd is a passive
resistance used to damp the resonance of LCL. According to [35]
and [37], the inverter bridge can be expressed as

Ginv(s) = e−1.5sTs (2)

where Ts is the sampling period.
The control structures of d and q axis in Fig. 3 are the

same after dq decoupling. The equivalent block diagram can be
illustrated in Fig. 4, which is taking the positive sequence q-axis
as an example. Then, the open-loop transfer function Gop1(s) of
the conventional DSCC with NF can be derived as

Gop1(s) =
Gi(s)Ginv(s)(1 + sRdC)GNF(s)

s3L1L2C + s2RdC(L1 + L2) + s(L1 + L2)
(3)

where, Gi(s) = kp + ki/s. kp and ki are the proportional and
integral parameters, respectively.

Next, with the main circuit parameters in Table I, the bode di-
agrams of Gop1(s) under different phase margin (PM) are shown
in Fig. 12. To find out the influence of NF, the bode diagrams of
NF and Gop1(s) without NF are plotted in Fig. 13(a) and 13(b)
respectively. In Fig. 12(a) and Fig. 13(b), the PMs of Gop1(s)
with and without NF are set to be the same for fair comparison,

TABLE I
EXPERIMENTAL PARAMETERS

i.e., 68.3deg around. It can be observed from Figs. 12 and 13
that the bandwidth (ωc) of Gop1(s) with NF must not exceed
the notch frequency 2ω1 of the NF (i.e., 628 rad/s), in order to
ensure that PM is greater than 0. Furthermore, the larger the
PM, the narrower the bandwidth. Therefore, the NF or other SE
method will narrow down the bandwidth of conventional DSCC,
and consequently slow down the current dynamic response.

In addition, four SE modules and four dq current decoupling
paths are needed in the conventional DSCC scheme, as shown
in Fig. 3. This will increase the control complexity.

B. Influences of No Sequence Extraction on Conventional
DSCC

As explained in Section II-A, the use of SE narrows down
the control bandwidth of conventional DSCC. Then, one would
wonder what the influences of the positive and negative sequence
current coupling would be if no SE is used in the conventional
DSCC. Therefore, in this part, the influences of not using SE
will be analyzed and clarified.

As shown in Fig. 3, if no SE is used in the conventional DSCC,
the feedback currents change from ipd, ipq, ind and inq to ipSRFd,
ipSRFq, inSRFd and inSRFq, respectively. ipSRFd and ipSRFq are
the direct dq quantities of iαβ after the positive sequence Park
transformation, and they contain both the dc component and the
coupled second harmonic component because no SE is used.
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The same goes for inSRFd and inSRFq. If SE is used, ipd and
ipq are the dq components of the positive sequence component
of iαβ after positive sequence Park transformation, and they
contain only dc components. The same goes for ind and inq.
The relationship between these two kinds of quantities can be
expressed as [

ipSRFd

ipSRFq

]
=

[
ipd
ipq

]
+

[
ipSRFd2ω

ipSRFq2ω

]
(4)

[
inSRFd

inSRFq

]
=

[
ind
inq

]
+

[
inSRFd2ω

inSRFq2ω

]
(5)

where, [
ipSRFd2ω

ipSRFq2ω

]
=

[
cos 2ω1t sin 2ω1t
− sin 2ω1t cos 2ω1t

] [
ind
inq

]
(6)

[
inSRFd2ω

inSRFq2ω

]
=

[
cos 2ω1t − sin 2ω1t
sin 2ω1t cos 2ω1t

] [
ipd
ipq

]
. (7)

Therefore, ipSRFd, ipSRFq, inSRFd and inSRFq contain both
the dc components (ipd, ipq, ind, inq) and the coupled second har-
monic components (ipSRFd2ω , ipSRFq2ω , inSRFd2ω , inSRFq2ω),
when no SE is used. The current reference remains dc form. The
error between the current reference and the dc component of the
feedback current will be fed into the PI controller.

Similarly, the error between 0 and coupled second harmonic
component of the feedback current will also be fed into the PI
controller, and then the output quantities will be superimposed
on the modulation reference in pSRF and nSRF, respectively,
and they can be derived as[

uPI_pSRFd2ω

uPI_pSRFq2ω

]
= kp

[−ipSRFd2ω

−ipSRFq2ω

]
+ ki

∫ [−ipSRFd2ω

−ipSRFq2ω

]
dt (8)

[
uPI_nSRFd2ω

uPI_nSRFq2ω

]
= kp

[−inSRFd2ω

−inSRFq2ω

]
+ ki

∫ [−inSRFd2ω

−inSRFq2ω

]
dt.

(9)

The results of (8) in pSRF and (9) in nSRF can be converted
to nSRF and pSRF, respectively. This can be done by two
coordinate transformations. The first is from pSRF/nSRF to
stationary reference (αβ) frame. The second is from αβ frame
to nSRF/pSRF. Therefore, the result of (8) in pSRF can be
converted to nSRF, which can be derived as[
uPI_pSRF2ω_nSRFd

uPI_pSRF2ω_nSRFq

]
=

[
cosω1t − sinω1t
sinω1t cosω1t

]2 [
uPI_pSRFd2ω

uPI_pSRFq2ω

]
.

(10)
Similarly, the result of (9) in nSRF can be converted to the

result in pSRF, which is[
uPI_nSRF2ω_pSRFd

uPI_nSRF2ω_pSRFq

]
=

[
cosω1t sinω1t
− sinω1t cosω1t

]2 [
uPI_nSRFd2ω

uPI_nSRFq2ω

]
.

(11)
Then, by combing (6)–(11), the results can be derived as

[
uPI_pSRF2ω_nSRFd

uPI_pSRF2ω_nSRFq

]
=

[
−kp

ki

2ω1

− ki

2ω1
−kp

] [
ind
inq

]
(12)

[
uPI_nSRF2ω_pSRFd

uPI_nSRF2ω_pSRFq

]
=

[
−kp − ki

2ω1
ki

2ω1
−kp

] [
ipd
ipq

]
. (13)

From (12), it can be seen that an extra quantity of negative
kpind/kpinq is introduced into the d-/q-axis modulation reference
in nSRF, respectively. Similarly, from (13), it can be seen that
an extra quantity of negative kpipd/kpipq is introduced into the d-
/q-axis modulation reference in pSRF, respectively. In addition,
it can also be seen that four extra dq coupling factors (ki/2ω1

or –ki/2ω1) are introduced, which are between ipd and ipq, and
between ind and inq.

If the dq current decoupling method remains unchanged when
no SE is used, the coupled second harmonic component of the
feedback current will also be fed into the dq current decoupling
algorithm, besides the dc component.

First, the dq decoupling output of the dc component of the
feedback current is derived as[

udCp_pSRFd_DC

udCp_pSRFq_DC

]
= ω1(L1 + L2)

[−ipq
ipd

]
(14)

[
udCp_nSRFd_DC

udCp_nSRFq_DC

]
= ω1(L1 + L2)

[
inq
−ind

]
(15)

where the subscript dCp refers to the dq decoupling output.
Then, the dq decoupling output of the coupled second har-

monic component of the feedback current can be derived as[
udCp_pSRFd2ω

udCp_pSRFq2ω

]
= ω1(L1 + L2)

[−ipSRFq2ω

ipSRFd2ω

]
(16)

[
udCp_nSRFd2ω

udCp_nSRFq2ω

]
= ω1(L1 + L2)

[
inSRFq2ω

−inSRFd2ω

]
. (17)

Similar to (10), the result (16) in pSRF can be converted to
nSRF through two coordinate transformations, yields[
udCp_pSRF2ω_nSRFd

udCp_pSRF2ω_nSRFq

]
=

[
cosω1t − sinω1t
sinω1t cosω1t

]2[
udCp_pSRFd2ω

udCp_pSRFq2ω

]
.

(18)
Similar to (11), the result of (17) in nSRF can be converted to

pSRF, which is derived as[
udCp_nSRF2ω_pSRFd

udCp_nSRF2ω_pSRFq

]
=

[
cosω1t sinω1t
− sinω1t cosω1t

]2[
udCp_nSRFd2ω

udCp_nSRFq2ω

]
.

(19)
By combing (6), (7), (16)–(19), the results can be derived as[

udCp_pSRF2ω_nSRFd

udCp_pSRF2ω_nSRFq

]
= ω1(L1 + L2)

[−inq
ind

]
(20)

[
udCp_nSRF2ω_pSRFd

udCp_nSRF2ω_pSRFq

]
= ω1(L1 + L2)

[
ipq
−ipd

]
. (21)

By comparing (21) with (14), and (20) with (15), it can be
found that the d/q conversion result is exactly opposite to the d/q
decoupling output of the dc component of the feedback current
respectively. This will make the total d/q decoupling output zero,
both in pSRF and nSRF. Therefore, this specialized dq current
decoupling method is ineffective, when no SE is used in the
conventional DSCC.
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Fig. 5. Positive (negative)∗ sequence equivalent block diagram of conven-
tional DSCC without SE and specialized dq decoupling method.

With (12), (13) and the ineffectiveness of the specialized
dq decoupling method, the equivalent positive (or negative)
sequence block diagram of conventional DSCC without SE and
specialized dq decoupling can be illustrated in Fig. 5.

To find out the influence of the extra introduced kp negative
feedback path in Fig. 5, the open loop transfer function Gop2(s)
of Fig. 5 is derived as

Gop2(s) =
(kp + ki/s)Ginv(s)(1 + sRdC){
s3L1L2C + s2RdC(L1 + L2)+

s[kpRdCGinv(s) + L1 + L2] + kpGinv(s)

} .

(22)
Then, the bode diagrams of Gop2(s) under two different kp can

be plotted in Fig. 14. It can be seen from Fig. 14(a) and (b) that the
gain margin (GM) and PM of Gop2(s) are seriously affected by
the extra kp negative feedback path. Instability may even occur
under a slightly larger control bandwidth or a slightly larger kp.
Besides, the amplitude-frequency response curves of Gop2(s)
drop to 0dB at about 102 rad/s and then keep staying around
0dB at the frequency band of 102∼104 rad/s, which means that
the control bandwidth is also greatly narrowed down.

In summary, the influences of no SE on the conventional
DSCC scheme are shown as follows.

1) An extra quantity of negative kpind/kpinq is introduced into
the d-/q-axis modulation reference in nSRF, respectively.
Similarly, an extra quantity of negative kpipd/kpipq is in-
troduced into the d-/q-axis modulation reference in pSRF,
respectively. This extra quantity will narrow down the
control bandwidth greatly. It can cause system instability
in case of large kp.

2) Four extra dq coupling factors (ki/2ω1 or –ki/2ω1) are
introduced, which are between ipd and ipq, and between
ind and inq. This increases the dq coupling besides the
already existing dq coupling of ω1(L1+L2).

3) The conventional dq decoupling method is ineffective.

III. SELF-DECOUPLED DUAL SEQUENCE CURRENT CONTROL

A. Self-Decoupled Dual Sequence Current Control

In order to eliminate the three influences of no SE on the
conventional DSCC, a SDDSCC is proposed in this section.
Firstly, the positive (negative) sequence equivalent control block
diagram of the proposed SDDSCC without SE and specialized

Fig. 6. Positive (negative)∗ sequence equivalent block diagram of proposed
SDDSCC without SE and specialized dq decoupling method.

dq decoupling method can be shown in Fig. 6 and the control
idea is explained as follows.

Inspired by Fig. 5, a novel kp current reference feedforward
path is proposed to be added to the control structure and the
feedforward output is superimposed onto the modulation wave,
as shown in Fig. 6. The purpose is to offset the adverse in-
fluence of the extra introduced kp negative feedback path (i.e.,
kpind/kpinq/kpipd/kpipq) caused by not using the SE. From Fig. 6,
it can be seen that the two paths (i.e., the proposed kp current
reference feedforward path and the extra introduced kp negative
feedback path) can be merged into one path, which is actually
one new proportional control (kp) for the current error besides
the already existing PI (i.e., kp+ki/s) control. Therefore, the
equivalent combined PI control for the current error can be
derived as 2kp+ki/s. In this way, the influence of the extra kp
negative feedback path can be eliminated, and the equivalent
control of each d-/q-axis is still PI control, but the equivalent
combined PI controller is 2kp+ki/s, not the original kp+ki/s.

On the other hand, by observing the coupling paths between
the d- and q-axis in the equivalent block diagram of Figs. 5
or 6, it can be found that the sign of the already existing dq
coupling factor ω1(L1+L2) is exactly opposite to that of the
extra introduced dq coupling factor ki/2ω1 caused by not using
SE, in each equivalent d- or q-axis. Therefore, both the extra
introduced coupling path of ki/2ω1 and the original coupling
path of ω1(L1+L2) between the d- and q-axis can be completely
eliminated through making the coupling factor ki/2ω1 equal to
ω1(L1+L2). In this way, the integral parameter ki can then be
determined by solving the equation of ki/2ω1 = ω1(L1+L2),
which is derived as

ki = 2ω2
1(L1 + L2). (23)

As a result, (23) is an important part of the proposed novel
control parameter design method of SDDSCC in this article. The
design of proportional parameter kp will be proposed in the next
part.

The above is the main idea of the SDDSCC. Without SE and
specialized dq decoupling method, the proposed SDDSCC can
achieve two types of decoupling at the same time. One is the
positive and negative sequence current decoupling. The other is
the dq current decoupling.

The actual implementation control block diagram of the
SDDSCC scheme can be shown in Fig. 7. By comparing Fig. 7
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Fig. 7. Implementation block diagram of the proposed SDDSCC scheme.

Fig. 8. Positive sequence q-axis equivalent block diagram of SDDSCC.

with Fig. 3, it can be seen that the conventional scheme has
four more SE modules and four more dq current decoupling
paths than the proposed SDDSCC scheme. The current reference
feedforward in SDDSCC is simple and easy to implement.
Therefore, the control structure and implementation of the pro-
posed SDDSCC are simpler than the conventional DSCC with
NF.

B. Control Parameter Design of SDDSCC

The design of integral parameter ki can be referred to (23),
and the design of kp is as follows.

As explained in Section III-A, the equivalent combined PI
control of SDDSCC in each d-/q-axis can be derived as 2kp+ki/s.
Furthermore, with ki designed by referring to (23), the dq current
coupling of Fig. 6 can be eliminated. Therefore, the further
equivalent control block diagram of SDDSCC can be shown in
Fig. 8, which is taking the positive sequence q-axis as an example
because each sequence d- or q-axis has the same structure.

According to Fig. 8, the open-loop transfer function Gop3(s)
of proposed SDDSCC can be expressed as

Gop3(s) =
(2kp + ki/s)Ginv(s)(1 + sRdC)

s3L1L2C + s2RdC(L1 + L2) + s(L1 + L2)
.

(24)
The resonance angular frequency ωr of the LCL filter can be

derived as

ωr =

√
L1 + L2

L1L2C
. (25)

Since the gain crossover angular frequency ωc is lower than
ωr, the influence of the capacitor of LCL filter can be ignored
when calculating the magnitude of the open-loop transfer func-
tion at ωc and the angular frequencies lower than ωc [36]. Thus

Fig. 9. Relationship graphic of PM and kp under ki, Ts, L1, C, and L2 known.

the magnitude of Gop3(s) can be approximated as

|Gop3(s)| ≈
∣∣∣∣ 2kp + ki/s

s(L1 + L2)

∣∣∣∣ . (26)

To avoid the decrease of PM resulted from PI controller,
the corner angular frequency ki/(2kp) is suggested to be set
sufficiently lower thanωc, which is generally satisfied according
to (23). Thus, the PI controller is reduced to a pure proportional
gain at ωc and the frequencies higher than ωc. Then, by ignoring
ki in (26), kp is derived as

kp ≈ ωc(L1 + L2)

2
. (27)

The PM of Gop3(s) can be expressed as

PM = 180o + ∠Gop3(s)|s=jωc
. (28)

Substituting (2) and (25) into (28), yields

PM = arctan
ω2
r − ω2

c

ωcω2
rRdC

− arctan
ki

2kpωc

− 1.5Tsωc + arctanωcRdC. (29)

By substituting (23) and (27) into (29), the relationship be-
tween PM and kp can be obtained, and the relationship graph
is plotted in Fig. 9. Therefore, with an expected PM, kp can be
determined by Fig. 9, and this specific kp is denoted as kp_PM.

For stability, Gop3(s) generally have a positive GM. The bode
diagrams of Gop3(s) with and without PI controller are depicted
in Fig. 10. As seen, the PI controller only affects the magnitude
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Fig. 10. Bode diagram of Gop3(s), with and without PI.

of Gop3(s) but not the phase, at the frequencies higher than ωc.
Therefore, the phase crossover frequency fx of Gop3(s) remains
unchanged, whether with or without PI controller, as shown
in Fig. 10. Furthermore, the magnitude increment between fx
and fr (fr = ωr/2π) is also unchanged, with or without PI,
i.e., ΔGM1≈ΔGM2 in Fig. 10. Due to Ginv(s), it is difficult to
manually solve the expression of fx and kp with GM. Therefore,
the restriction of GM at fx can be transformed into the restriction
on the magnitude (defined as –GMr) of Gop3(s) at fr. Thus, GMr

can be expressed as

GMr = GM −ΔGM2. (30)

The magnitude of Gop3(s) at fr can be derived as∣∣∣Gop3(jω)|ω=2πfr

∣∣∣ = 2kp
√

(1 + ω2
rR

2
dC

2)

ω2
rRdC(L1 + L2)

. (31)

With the definition of GMr, GMr can also be derived as

GMr = −20log10

∣∣∣Gop3(jω)|ω=2πfr

∣∣∣ . (32)

By substituting (30) and (31) into (32), kp under a restriction
of GM can be derived as

kp_GM =
ω2
rRdC(L1 + L2)10

−(GM−ΔGM2)/20

2
√

1 + ω2
rR

2
dC

2
(33)

where ΔGM2 is approximately equal to the ΔGM1 of Gop3(s)
without PI controller. As for ΔGM1, it can be determined in
advance in Fig. 10.

Then, the smaller one of kp_PM and kp_GM is selected as the
final proportional parameter kp, which can make the PM and
GM be satisfied at the same time. Therefore, kp is designed as

kp = min {kp_PM, kp_GM} . (34)

Finally, the PI control parameter can be easily determined by
(23) and (34), without multiple iterations of design. Therefore,
under the appropriate PM and GM settings, this designed PI
control parameter can make the proposed SDDSCC scheme
achieve a good stability, and a fast current dynamic response,
and a high robustness.

C. Performance Comparison

According to [36], the specifications of open-loop transfer
function are given as follows: PM ≥ 45° and GM ≥ 5 dB, which
can ensure a good dynamic performance and an enough stability

TABLE II
PARAMETERS OF THE CONTROLLERS

Fig. 11. Bode diagram of the proposed SDDSCC, PM = 67.7°.

Fig. 12. Bode diagram of the conventional DSCC with NF. (a) PM = 68.4°,
(b) PM = 35.5°.

margin. In this article, the expected PM is set to 65° and the
minimum GM is also set to 5 dB. The circuit parameters are
given in Table I. With the expected PM and the restriction of GM,
the PI parameter of proposed SDDSCC can thus be determined
according to (23) and (34), and the result is given in Table II.
Then, the bode diagram of SDDSCC can be plotted in Fig. 11.
As seen, PM is 67.7° and GM is 9.66 dB and both of them meet
the expected stability margin.

By referring to [35], the PI parameter of conventional DSCC
with NF under the expected PM and GM can be designed and
the result is given in Table II. The bode diagram is plotted in
Fig. 12(a). From Figs. 11 and 12(a), it can be seen that the
bandwidth of the proposed SDDSCC (2230 rad/s) is 18 times
that of the conventional DSCC with NF (121 rad/s) under the
same PM (68° around). If the bandwidth of conventional DSCC
with NF is widened, the PM needs to be decreased. In this case,
another PI parameter with the expected PM 35° is designed and
the result is also shown in Table II, and the bode diagram is
shown in Fig. 12(b). From Figs. 11 and 12(b), it can be seen
that bandwidth of proposed SDDSCC (2230 rad/s) is still 6.6
times that of the conventional DSCC with NF (340 rad/s) in
this case. Therefore, the proposed SDDSCC will have a faster
current dynamic response.
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Fig. 13. (a) Bode diagram of NF, (b) bode diagram of Gop1(s) without NF
under PM = 68.3°.

Fig. 14. Bode diagram of Gop2(s). (a) kp = 3.5. (b) kp = 5.5.

Fig. 15. (a) Schematic diagram and (b) photograph of experimental setup.

IV. EXPERIMENTAL RESULTS

The schematic diagram and photograph of the experimental
setup are shown in Fig. 15(a) and (b), respectively. The circuit
parameters are given in Table I. The controller parameters of the
proposed scheme and conventional scheme are given in Table II.

In Fig. 15, by switching the breaker sw to tap 0 of the trans-
former, a seriously single-line-to-ground grid fault is created that
A-phase grid voltage uga drops to zero. ugb and ugc remain un-
changed. In this case, the grid phase voltage is shown in Fig. 16.
After sequence analysis, the positive sequence voltage decreases
to 65.5% of the rated voltage and the negative sequence voltage
rises to 32.9%.

Fig. 16. Unbalanced grid phase voltage for experiment.

Fig. 17. Experimental result of proposed SDDSCC under the step-up of
ipq_ref.

Under the unbalanced grid voltage shown in Fig. 16, two kinds
of current reference step-ups are set to evaluate the performance
of the proposed SDDSCC scheme.

A. Step-Up of Positive Sequence q-Axis Current Reference

A step-up of single positive sequence q-axis current ref-
erence is set from 0 to −30 A. The experimental results of
the proposed SDDSCC and the conventional DSCC with PM
68.4° are presented in Figs. 17 and 18, respectively. In order to
evaluate the dynamic performance of the control schemes under
a serious situation, the current reference step-up moment t0 of
each experiment is selected at the A-phase current peak.
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Fig. 18. Experimental result of the conventional DSCC with PM 68.4° under
the step-up of ipq_ref.

Fig. 19. Experimental result of the conventional DSCC with PM 35.5° under
the step-up of ipq_ref.

Fig. 20. Experimental result of the proposed SDDSCC under the step-up of
ipq_ref and inq_ref.

The steady-state result under the proposed SDDSCC is three-
phase balanced current and the current peak also reaches ex-
pected 30 A, as shown in Fig. 17(a). From iabc and ipSRFq

in Fig. 17(a) and (b), it can be seen that the current under
the proposed SDDSCC can quickly track the reference without
overshoot after the reference step-up. The response time is within
20 ms around. Besides, the dq coupling ripple of ipSRFd at t0
caused by the abrupt step-up of ipSRFq is also quite small. It
indicates the dq current decoupling is achieved by the proposed
SDDSCC.

In Fig. 17(c) and (d), inSRFd and inSRFq contain only the
second harmonic components (i.e., inSRFd2ω and inSRFq2ω) as
expected. The amplitudes of them are the same, i.e., InSRFd2ω ≈
InSRFq2ω ≈ 30 A, as expected. Besides, the fast current response
and the good dq decoupling effect under the proposed SDDSCC
can be indirectly reflected by the envelope curve of inSRFd or
inSRFq.

With the same PM 68° as SDDSCC, the current response of
the conventional DSCC with NF under the step-up of ipq_ref is
presented in Fig. 18. The response time is about 600 ms, which
is about 30 times that of the proposed SDDSCC.
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Fig. 21. Experimental result of the conventional DSCC with PM 35.5° under
the step-up of ipq_ref and inq_ref.

If the response of the conventional DSCC with NF needs to
be accelerated, another PI parameter with the expected PM 35°
is designed and given in Table II. In this case, the experimental
result can be shown in Fig. 19. It can be seen that the response
time is about 130 ms, which is still about 6.5 times that of the
proposed SDDSCC in Fig. 17.

B. Step-Up of Positive and Negative Sequence q-Axis Current
References

The positive and negative sequence q-axis current reference
ipq_ref, inq_ref step up at t0 simultaneously. ipq_ref steps up from
0 to −20 A and inq_ref is from 0 to 10 A. The experimental
results of the proposed SDDSCC and the conventional DSCC
with PM 35.5° are presented in Figs. 20 and 21, respectively.

In Fig. 20(b)–(e), the steady-state Ipq of the dc component
of ipSRFq is about −19.5 A and the steady-state Inq of the
dc component of inSRFq is about 10 A, which indicates the
steady-state control objectives of ipq_ref and inq_ref are well
achieved. Furthermore, from iabc and ipSRFd, etc., it can be seen
that the response time is about 20 ms without overshoot, similar

TABLE III
SUMMARY OF EXPERIMENTAL RESULTS

Fig. 22. Experimental result of the proposed SDDSCC under 0.75L1, 0.66C,
and 0.5L2, with the step-up of ipq_ref.

to that of Fig. 17. Besides, both the dq coupling ripples of the dc
components of ipSRFd and inSRFd caused by the sudden step-up
of ipq_ref and inq_ref are also quite small, verifying the good dq
current decoupling effect of the proposed SDDSCC.

Contrastively, from Fig. 21, it can be seen that the current
response time of the conventional DSCC with NF and PM 35.5°
under the step-up of ipq_ref and inq_ref is 130 ms around, which
is close to the result of Fig. 19 as expected.

To clearly compare the experimental results, a given Table III
is established. It can be summarized from the Table III that
the proposed SDDSCC scheme has a faster current dynamic
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Fig. 23. Experimental result of the proposed SDDSCC under 1.5L1, 1.33C,
and 1.66L2, with the step-up of ipq_ref.

response than the conventional DSCC scheme with NF under
different operation conditions. Besides, the proposed SDDSCC
does not require SE or specialized dq current decoupling method,
showing the simpler control structure. The total harmonic distor-
tion (THD) of the steady-state current under SDDSCC is smaller,
which is due to the larger control bandwidth of the SDDSCC.

C. SDDSCC Under Parameter Shift of LCL

To evaluate the performance of proposed SDDSCC under the
filter LCL parameter shift, two cases are set. The first case is that
L1, C and L2 are reduced to 75%, 66.6% and 50% of the rated
value, respectively. The second is that L1, C and L2 are increased
to 150%, 133.3%, and 166%, respectively. Under the step-up of
ipq_ref, the experimental results of the proposed SDDSCC in
the above two cases are shown in Figs. 22 and 23, respectively.
It can be seen that the current response time for both cases is
23 ms around, which is slightly longer than that of Fig. 17 in
normal LCL situation. Nevertheless, the stability for both cases
is not affected by the abnormal LCL shifts. Besides, both the
steady-state results under the above two cases are three-phase
balanced current and the current peaks also reach expected 30 A.

Figs. 22 and 23 show the experimental results of proposed
scheme when the LCL parameter is shifted to lower and higher,

Fig. 24. Experimental result of the proposed SDDSCC under the weak grid
(i.e., SCR = 5.2), with the step-up of ipq_ref.

respectively. It is seen that the stability, steady-state and dynamic
performances are not greatly affected.

Therefore, the proposed SDDSCC scheme can still achieve a
good current control performance under a large range of LCL
parameter shift, regardless of whether it is towards lower or
higher. This verifies the high robustness of proposed SDDSCC
scheme.
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D. SDDSCC Under Weak Grid

To evaluate the performance of proposed SDDSCC under the
weak grid, an inductance of 3.0 mH is connected in series into
the grid circuit. Thus, Lg becomes 3.45 mH, i.e., short-circuit
ratio (SCR) is 5.2 around.

Then, with the step-up of ipq_ref, the experimental result of
SDDSCC under the weak grid is shown in Fig. 24. From the
responses of iabc and ipSRFq etc., it can be seen that the current
can still quickly track the reference without large overshoot, and
the current response time is around 22 ms. This result is similar
to that of Fig. 17 in the strong grid. Therefore, the proposed
SDDSCC can be well adopted in the weak grid, with good
control stability and current response.

In the case of a weak grid, the PCC voltage will be affected by
the output current of D-STATCOM according to circuit theory.
The PCC phase voltage waveform is shown in the subfigure (a).
It can be seen that each phase voltage is boosted to a certain
extent after the step-up change of ipq_ref. The positive sequence
voltage up is boosted to 80% of the rated voltage from 65.5%, and
the negative sequence voltage un remains unchanged at 32.9%,
as seen in the subfigure (c). This is because the D-STATCOM
only injects positive sequence reactive current into the grid in this
case. Accordingly, the unbalance degree n (n= un/up) decreases
to 0.41 from 0.5.

V. CONCLUSION

In this article, an SDDSCC scheme based on double SRF
is proposed for D-STATCOM when it suffers from an unbal-
anced grid voltage. Accordingly, a novel control parameter
design method of the SDDSCC is also proposed. The proposed
SDDSCC can achieve two types of decoupling. One is the
positive and negative sequence current decoupling in double
SRF without SE. The other is the dq current decoupling without
specialized dq current decoupling method. Due to not using the
SE and specialized dq decoupling method, the control bandwidth
of the proposed SDDSCC is larger and the current dynamic re-
sponse is faster, and the control structure and the implementation
are simpler, compared to the conventional control schemes with
SE. Besides, the control parameter can be easily determined by
the proposed novel control parameter design method without
multiple iterations of design.

The proposed SDDSCC scheme can also be applied to general
photovoltaic inverters and wind power converters when they
need to inject unbalanced current into the grid, e.g., load bal-
ancing or LVRT under unbalanced grid faults. Besides, how
to apply the proposed SDDSCC to the unbalanced voltage
closed-loop control is a worthwhile research direction in the
future. In addition, how to achieve a complete dq decoupling
(also including ωC, besides ωL1 and ωL2) of the SDDSCC also
needs to be further studied.
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