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Abstract: When the grid voltage is imbalance, the current decoupling control strategy in d-q frame designed for the balanced
system still let STATCOM output balanced voltage. In this case, the negative sequence component in the grid voltage may
cause the device overcurrent. Here, the positive and negative sequence of grid voltage are separated first and that of the
STATCOM output voltage is also controlled independently. However, how to determine and coordinate the positive and negative
sequence voltage have not been effectively investigated yet. From the perspective of power balance, this paper gets the
quantitative relationship between the phase shift angles of the positive and the negative sequence voltages. It also gets the
quantitative relationship between the modulation ratios of the positive and the negative sequence voltages, and hence the
effective coordination control strategy of positive and negative voltages of cascaded STATCOM operating under imbalanced grid
voltage was developed. In addition, the phase of the positive and negative voltages, which is critical for the proposed
coordination control strategy, can be obtained by the advanced open-loop phase synchronisation scheme. Finally, its detailed

implementation was also provided. Simulation results show that the proposed method is correct and effective.

1 Introduction

The control of cascaded H-bridge STATCOM should quickly
respond to the reactive power demand of the load, while ensuring
the safe and stable operation of the device itself [1-3]. Especially
when applied to the public power grid, the device must be able to
withstand the impact of power system failures, keep stable
operation in the process of grid recovery, and provide timely and
effective dynamic reactive power support. If the STATCOM only
carry out positive voltage control, the negative sequence voltage of
the grid may cause the device overcurrent protection [3—5]. When a
serious asymmetrical fault occurs in power grids, the system
voltage drops rapidly, and without corresponding control, it will
cause the output current of the STATCOM to exceed the
withstanding current capacity of the device and threaten the safe
operation of the device.

Most of the cascaded STATCOM control schemes, which are
typical current decoupling control [1], model predictive control [6],
decoupled P-Q control [7], non-linear control [8], and so on, are
well-designed based on three-phase symmetric power system.
However, various disturbances such as lightning, operation
overvoltage, asymmetrical short-circuit fault, and asymmetric load
will lead to an asymmetry of grid voltage, which will affect the
normal operation of STATCOM [9, 10]. If there is no effective
control for the asymmetric working conditions, the device will
generate unbalanced and distorted currents, which will lead to the
increase of the system loss and the decrease of the running
performance [11]. Seriously, the device may fail to protect and quit
operation, and even cause damage to the device directly. Yi et al.
[12] adopted the switch function method to deeply analyse the
adverse effects of grid voltage unbalance on cascaded STATCOM.
However, during the unbalanced operation of the power grid, it is
precisely the moment when the device plays a role of reactive
power support. At this point, we should first consider the
continuous safety and stability of the device itself, and the second
is to make the device play a role and provide a stable and reliable
reactive support for the system. When the grid voltage is
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unbalanced, the common practice is to de-operate to protect the
device and wait for the re-entry before the grid is normal.
However, the grid-tied and high-power STATCOM is very
complicated and frequent switching is not conducive to safe
operation during a short time failure. Therefore, it is hoped that
STATCOM can still work in grid connection mode when the grid
voltage is unbalanced. Leon et al. [2] adopted a state observer
(software sensor) to estimate AC voltages at the STATCOM
connection point, and therefore the physical voltage sensors can be
cancelled and the hardware gets simplified. However, the
corresponding cost is heavy calculation burden and it cannot be
implemented on the DSP-based control platform. Shi et al. [3]
developed an individual phase current control method based on
optimal zero-sequence current separation, which is adopted to get
better adaptation to unbalanced grid conditions. However, it is
applicative only for star-connected cascade STATCOMSs. Xiong et
al. [13] proposed a seamless self-healing scheme that can recover
the STATCOM to its normal operation after the failed H-bridge
units are bypassed, which can remarkably improve the continuous
operation ability of the cascaded H-bridge STATCOM in case of
failure. However, it did not analyse the system over-current around
the asymmetric fault, which is the common grid fault. Additionally,
during grid voltage imbalance, the frequently used synchronous
reference frame (SRF) phase-locked loop (PLL) must compromise
between steady-state accuracy and transient dynamics, failing to
achieve the fast and accurate phase synchronisation [14]. Wang et
al. [15] improved the PLL algorithm through a general delayed
signal cancellation (DSC) operator, which can achieve the fast-
transient response at high control bandwidth without suffering
from the steady-state error caused by grid unbalance and
harmonics. However, Dong et al. [16] pointed out that the above-
mentioned PLL algorithm has the problem of stability in weak grid
due to the converter interactions with grid impedance and power
flow directions. In response to this problem, the open-loop phase
synchronisation schemes are proposed [17-21], which
fundamentally solved the stability problem. This article will learn
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Fig. 2 Decoupling feedback control for the balanced system

from this method to achieve the accurate separation of positive and
negative grid voltage.

This paper focuses on the control issues of cascaded H-bridge
STATCOM operating under imbalanced grid voltage. Using the
open-loop phase synchronisation scheme proposed in [18] to cope
with the phase disturbance of the grid voltage, the sequence
components of the STATCOM output voltages and the grid
voltages can be separated. From the perspective of power balance,
this paper gets the quantitative relationship between the phase shift
angles of the positive and the negative voltages. It also gets the
quantitative relationship between the modulation ratios of the
positive and negative voltages, and hence the -effective
coordination control strategy of positive and negative voltages of
STATCOM operating under imbalanced grid voltage was
developed.

2 Configuration of cascaded STATCOM

The three-phase cascaded STATCOM comprise of cascaded
multilevel inverter (CMI) in series with a linking inductor L, (¢ =
a, b, ¢) [22-24], as illustrated in Fig. 1.

Several identical H-bridge inverters compose the CMI and the
carrier phase shifted SPWM method is utilised. In each H-bridge,
the DC-side capacitance is C4. and the DC capacitor voltage is
Uge uk (k=1,2,...,N). Ideally, the DC voltage of each power unit is
equal. Besides, ugy,, iy, iy, and i, represent the grid voltage, the
grid-side current, the load current, and the output current of
STATCOM. The typical current decoupling feedback control
shown in Fig. 2, which is well designed for the three-phase
balanced system [23-25], is selected as the basic control frame of
the developed coordination control strategy here.
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3 Mathematic analysis for the coordination
control of positive and negative sequence

When the grid voltage is unbalanced, it can be decomposed into the
positive sequence and the negative sequence components by
adopting the symmetrical component method. According to the
superposition principle, the positive and negative sequence
voltages produce the positive and the negative sequence current,
respectively. The unbalanced voltage can be rewritten as the sum of
the positive and negative sequence voltages, that is

sin(wt) sin(wt + )
e sin( t — 2—”) s'n( t+p+ 2—”)
ug| = ut +uy = UM\ T 3+ up PN 3
Use sin(a)t + 23—”) sin(a)t +p - 23—7[)

where Ut and Uy~ are the amplitudes of the positive and negative
sequence components, respectively. S is the phase difference
between the negative and the positive sequence components.

For each phase of the inverter, the active power generated by
the positive and negative sequence voltages flows into the DC
capacitors of the corresponding phase and affects the DC capacitor
voltages. Then, we analyse the power flow of the three-phase DC
capacitors by assuming that the positive and negative sequence
components are controlled separately.

Suppose the CMI output voltage is

Uea sin(wr + &%)
Ue| = UZ|sin(wt — 27/3 + 8| + Uz
Uee sin(wt + 27/3 + &%)

sin(wt + f+6) @

sin(wt + f+2x/3+6°)
sin(wt + f—2x/3+6)

where u,,, is the instantaneous value of the CMI output voltage, and
+ and — in the superscript represent the positive and negative
sequence components, respectively. 6t and J are the phase shift
angle of the CMI positive, negative sequence voltage ahead of the
grid positive, negative sequence voltage, respectively.

Then, the instantaneous current i, of the STATCOM can also
be expressed by the positive and negative sequence components,
that is,

Ica sin(wt + /2 + &%)
ieo| = I;|sin(wt + /2 — 27/3 + &%)
e sin(wt + /2 4 27/3 + 6%)

. - 3)
sin(wt + /2 + f+6)

+1:|sin(wt + /2 + f+27x/3+6)
sin(wt +7/2+ f—27/3+6)

Taking Phase 4 as an example, the power flowing through the
Phase 4 of the inverter is

Sa = tealea = (tea + Uea) (ica + ica) Q)
Taking (2) and (3) into (4), we have
25, =S+ 85+ 85+ S5, 5)
where

S, = UIlsinQwt + 26%)

L, = Ul [sin(6" — 6~ — B) + sinQot + f+ 5"+ 87)]
Sy = U I[sin(f— 6"+ 6) +sinQat + f+5 +5)]
Sy = U I sinQwt + 2 +26)

6)
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Fig. 3 Phasor diagram of a single-phase STATCOM

(a) Capacitive mode, (b) Inductive mode

Equation (6) shows that S; and S, are the double-frequency
sinusoidal quantity. S, and S3 contain the DC component, which is
transmitted from the AC side of the H-bridge to the DC side,
causing the instability of the DC capacitor voltage. Moreover,
because of the DC component, the current in Phase 4 will increase,
and the higher the negative sequence component is, the more the
current increases, which may cause the over-current fault of the
device.
The DC component can be expressed as

2P, = (U, = U )sin(5" — 6 — ) (7)

When the grid voltage contains the negative sequence component,
the DC component power is the main factor that affects the
stability of the DC capacitor voltage and leads to the device
overcurrent fault. Therefore, to ensure the normal operation of
STATCOM when the grid voltage is unbalanced, it is necessary to
select the appropriate control amount to make this DC component
power equal to 0, guaranteeing the stability of DC-side voltage.

Obviously, f in (7) is an uncertain quantity, which changes with
the change of the phase difference between positive and negative
sequence components in grid voltage and cannot be set up in
advance. Therefore, to make the DC component power in (7) equal
to 0, we have

Ul = Uc ®)

Fig. 3 shows the vector diagram of a single-phase STATCOM.
Based on the relationship among the CMI AC voltage Uj, the

power grid voltage Ug and the linking inductor voltage U;, we may
have

U, _ Uy _ U,
sind ~ sin(p +7/2) ~ sin(z/2 — ¢ — 5)

)

where ¢ is the phase difference of U; ahead of Ug, and ¢ is the
impedance angle.
Based on (9), we may have

Usin §
L= osp (10)
cos(d
U, = Uscos(6 + @) an
cos ¢
From Fig. 3, we also have
Ugsind
I= —R (12)

where 7 and R are the output reactive current and the equivalent
series resistance of STATCOM.
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Considering the negative sequence components, (11) and (12)
can be rewritten as

Ut = Uscos(p + 6%
¢ cos ¢
U= Uscos(p +6)
¢« cos @
e (13)
. Ussiné
[=——r
__ Ussins
€T R
Substituting (13) into (8) yields
cos(gp + 6)sind” = cos(g + 6 )sin §* (14)

To meet (14), the phase shift angle of the positive sequence voltage
must be equal to that of the negative sequence voltage, that is,

§t=5 (15)

Then, the DC component power is zero when the phase shift angle
of the positive sequence voltage is equal to that of the negative
sequence voltage. The same result is found for phases B and C.

When the grid voltage is unbalanced, (15) can ensure that there
is no DC power injected into the capacitor, which is the limitation
of the positive and negative sequence voltages from the phase shift
angle of the inverter output voltage. In the case of grid voltage
imbalance, the DC voltage level can be adjusted by the modulation
ratio of positive and negative sequence CMI voltages. To keep the
final DC voltage stable, the positive and negative sequence
modulation ratios should be coordinated.

The amplitudes of the positive and negative voltages of the
CMI is, respectively, as follows,

Ul = m'ug,
. (16)
U, = m ugy.
Substituting (13) into (16) yields
s = Uscos(p + &%) _ Uscos(a+6) (17

m*cos @ m cos @

Considering (15), in this control conditions, the modulation ratio
relationship between the positive and negative sequence
components is:

+ +
m_ (18)
m U

The relationship described by (15) and (18) is the developed
coordination control scheme of the positive and negative sequence
components for cascaded H-bridge STATCOM under imbalanced
grid voltage. Based on the power flow relationship between the
power grid and the STATCOM device, this method coordinates the
active power generated by the positive and negative sequence
components, and avoids the device overcurrent during the grid
failure, allowing the devices to operate steadily and continuously.

4 Implementation of coordination control of the
positive and negative sequence components

In coordination control mode, the reference value of the positive
and negative sequence current is not arbitrarily set, but to maintain
the mathematical relationship of them. The STATCOM -control
system is divided into two parts, that is, the positive and the
negative sequence components. The former is regulated by a
current controller whose reference value can be set according to the
required reactive power, as shown in Fig. 2. The latter does not
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Yo

and PWM

conduct current feedback control and it adopts the open-loop
control. The output negative sequence voltage of the STATOM can
be deduced as follows.

Park transformation matrix is given by

. . 2z . 2r
sinwt sinlwt — 5| sin|wf + ——

Tabc/dq = 3

3

3

(19)

cos ot cos(a)t - 2—”) cos(a)t + —”)
3 3

Therefore, the negative sequence components of grid voltage in d-¢
frame can be rewritten as

Ujcos p
Ussin 8

Usq

(20)

Usq

Similarly, the positive and negative sequence components of CMI
voltage in d-q frame can be rewritten as

U 3 Ufcos " o
7 Ulsins*
licq _ Uccos(f+6) 22)
Ucq Ugsin(f+6)
Considering (15), we have
cosé | [cosd"| U: 23)
sin§~ sin§* Ueq
Ut
Rewrite (20) as
Usq
cos Uy
P | ™ (24)
sin g
Uy

Combing (15), (18), (23), and (24), the output negative sequence
voltage of the cascaded STATOM in d-g frame can be deduced as

Ucd
Ueq
Based on the above coordinated control algorithms of the positive
and negative sequence components, the developed coordination
control strategy of the positive and negative sequence for the
cascaded H-bridge STATCOM can be described as shown in Fig. 4.

The global DC voltage control block and the DC capacitor voltage
balancing block in Fig. 4 can be referred in [3, 4, 26].

1

U (25)

-+ -+
Usqlled + quucq]

-+ -+
UsqUed — UsdlUcq
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Table 1 Parameters of the simulation system

Parameters Value
grid voltage 380V
grid frequency 50 Hz
power unit quantity 2
switching frequency 5 kHz
capacitance of DC capacitor 7200 uF
rated DC capacitor voltage 1kV

In addition, when the phase of the grid voltage is disturbed, if
the phase detection block cannot track the grid real-time phase,
then the STATCOM cannot be accurately controlled and the above
coordination control strategy also cannot be reached. The real-time
phase of the grid voltage is obtained by the Synchronous Reference
Frame based Open-loop Phase Locking (SRF-OPL) scheme
proposed in [18, 21], which can effectively cope with the grid
phase disturbances. The obvious advantages of this method are
simple structure, easy implementation, and fast response.

5 Simulation verification

Matlab/simulink was adopted here to carry out the simulation
verification. The main parameters of the Y type cascaded
STATCOM simulation model are shown in Table 1 and the
simulation results are shown in Fig. 5.

The grid voltage in the simulation is shown in Fig. 5a. The grid
voltages suddenly increase 30% of the negative sequence
component between 0.14 and 0.18 s. The phase difference between
the positive and negative sequence components is 30°. The result
shown in Fig. 5b is the device current without the negative
sequence control. Fig. 5c¢ is the device current waveform with the
coordination control of the positive and negative sequence. Fig. 5d
shows the imbalance degree of the current shown in Fig. Sc. Fig. Se
is the reactive component of the system current decomposed in the
d-q frame at this moment. In the mode of the coordination control
of the positive and negative sequence voltages, the negative
sequence component of the CMI current can be effectively
controlled, the CMI current imbalance degree is low enough, and
the reactive component of the grid current is zero, realising the
high-performance compensation of the positive sequence reactive
power.

The simulation results show that the developed coordination
control strategy of the positive and negative sequence component
can well control the over-current problem caused by the negative
sequence component of the grid voltage. So, the STATCOM can
always operate stably, the imbalance degree of output current is
low enough, the positive sequence reactive component of the
system current basically remains at zero, and there is only
fluctuation near the system voltage disturbance point, which shows
STATCOM is still well done to compensate for reactive power
load.

6 Conclusion

This paper proposes a separation and coordination control method
of positive and negative sequence component for cascaded H-
bridge STATCOM under unbalanced grid voltage, which
decomposes the device into positive and negative sequence
components. Through the analysis, we find that there is a
relationship between the phase shift angle and the modulation ratio
of positive and negative sequence components. Meanwhile, the
control phase information can be obtained by the SRF-OPL phase-
detection method to cope with the system voltage phase
disturbances. Simulation results show that the method put forward
here has a good ability to deal with system imbalance. In the
system voltage asymmetry and phase disturbance conditions, the
devices can operate stably and achieve the compensation of
reactive power at the same time.
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