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A distributed power flow controller (DPFC) can control the line power flow in a
flexible and fast way to meet the requirements of a new power system.
However, the output of DPFC sub-units is generally distributed by the even
distribution method or proportional distribution method at present. The internal
health status and output capacity of the device are not taken into account,
which affects the efficiency and service life of the device. In this article, a
reliability description method of DPFC based on fault probability is proposed.
The coordination strategy of output voltage capability and the number of input
sub-units is proposed, and the process of the proposed coordinated strategy for
device output is presented. The simulation results show that the proposed
coordinated output strategy can address the issue of rapid reliability decline
caused by the long-term work of some sub-units and improve the overall
reliability of the DPFC.

KEYWORDS

power systems, distributed power flow controller, fault probability, output voltage
capability, number of switching sub-units

Introduction

Under the background of ‘dual carbon,” China proposes the goal of building a new
power system based on renewable energy. A large scale of renewable energy, such as wind
and solar energy, will be connected to the transmission network or distribution network in
a centralized or distributed manner. The volatility and intermittency nature of renewable
energy output and the insufficient transmission capacity of lines may lead to overload and
bidirectional power flow problems of transmission lines (Kang and Yao, 2017; Huang
et al, 2019a; Zhang et al., 2022). At the same time, uncontrolled power flow will cause
problems such as insufficient power supply in some regions, large transmission loss of
lines, and even reduced stability and reliability of the system (Rashed et al., 2020; Liu et al.,
2021).

Distributed power flow controller changes transmission line parameters by
generating or absorbing reactive power so as to achieve flexible and
fast line power flow regulation (Brissette et al., 2015; Shen et al., 2021; Song
et al., 2022).
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In 2019, in order to solve the problem of system congestion
caused by the high penetration of renewable energy, IPTO of
Greek transmission company installed a full control mode power
flow regulator (hereafter referred to as DPFC in this article)
(Gaigowal and Renge, 2016) developed by Smart Wires company
in Peloponnesian, Greece. Inductance-capacitance smooth
transition full control distributed power flow controller was
successfully put into operation in Huzhou and Hangzhou in
2020, which is led by Zhejiang Electric Power Company, and
participated by State Grid of China and NR Electric Company
(Zhan et al., 2019).

The abovementioned engineering application results show
that (Gaigowal and Renge, 2016; Zhan et al., 2019) the failure of a
certain phase or a group of units of DSSC does not affect the
operation of other units, and the overall reliability is much higher
AC
transmission system(FACTS). However, hundreds of DPFC
sub-units are installed along the overhead transmission line in

than that of the conventional centralized flexible

groups, and in different phases, the operation environment is
poor. The health status of a single sub-unit is easily affected,
which affects the output capacity of the device, changes the
normal dynamic response characteristics of the DPFC sub-unit,
and directly affects the response characteristics and output
capability of other DPFC sub-units through power line
coupling. The health status of a single sub-unit has a great
impact on the achievement of the expected goal of power flow
regulation and restricts the speed of the popularization and
application of DPFC.

Research studies on DPFC of references (Gaigowal and Renge,
2016; Ke et al,, 2019; Guan et al., 2021; Xiong et al., 2022; Zhao et al.,
2022) have adopted an even distribution method (all the sub-units in
operation have equivalent output) and proportional distribution
method (the output of each sub-unit is distributed proportionally
by capacity) in the control strategy to distribute the output of each
sub-unit in a centralized manner. In the study by Gaigowal and
Renge (2016), a centralized management and optimal allocation
scheme for DPFC is proposed, which completes the optimal
allocation test of DPFC master unit based on RTDS. In the study
by Guan et al. (2021), the impedance and power equivalent models of
the DPFC system are proposed to analyze the relationship between
voltage, impedance, and power of DPFC. In the study by Zhao et al.
(2022), a real-time optimal allocation method for the output of DPFC
sub-units based on centralized control is proposed, which is based on
the idea of ’state classification - prioritized by regulation
performance’. However, the optimization methods proposed in
studies by Gaigowal and Renge (2016); Guan et al. (2021); and
Zhao et al. (2022) are all in need of multiple rounds of debugging, the
regulation speed is slow, and the priority of the sub-unit is only
determined by the adjustable capacity of each unit, the DPFC will
have a large overall operation loss when the regulation target is
relatively small, for the sub-unit with large capacity will stay in
operation for a long time and the sub-unit with small capacity will
have a low utilization rate. The economic benefits and reliability of
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the device are low. In the study by Xiong et al. (2022), a cluster control
strategy is proposed so that the distributed flexible AC transmission
equipment can work stably with a high compensation efficiency in
the whole operation range, but the difference in device capacity and
device operation loss is not considered. By dispatching and
configuring the available resources in a centralized control
method, a switching control strategy for DPFC sub-unit is
proposed by Ke et al. (2019), which can enrich the application
scenarios of DPFC and enhance the application flexibility of DPFC,
but it is essentially an even distribution method. When the even
distribution method is used, if the capacity of the sub-unit is
inconsistent, the utilization rate of the sub-unit with large capacity
is low, and the economic effect is poor. The regulation range of the
whole system is restricted by the sub-unit with the smallest capacity,
and the sub-unit with a small capacity will be prone to overload and
heat, which will bring damage to the health of DPFC. When the
proportional distribution method is used, the output will be
determined in proportion according to the capacity of each sub-
unit. But if the regulation need is small, all the sub-units will be
charged and put into operation, the overall utilization rate of the
device is low, the device loss is large, and it also affects the health
status of the device indirectly (Mao et al., 2017). In the study by Tang
et al. (2022), the proposed optimal output power coordinated control
strategy of DPFC considers the total loss of DPFC device. But it is
based on the optimal algorithm, which leads to the high complexity
of this method. Moreover, we can learn from the abovementioned
literature that all the sub-units of DPFC are assumed to be healthy in
the current even distribution method and proportional distribution
method, and their output distribution is on the basis of the rated
capacity of the device, which is defaulted to the maximum available of
all the sub-units. However, as mentioned in the existing
demonstration projects (Gaigowal and Renge, 2016; Zhan et al,
2019) and references (Liu et al., 2016; Qian et al., 2018; Elgebaly, 2019;
Saeed et al, 2019), if the device is not in a healthy status, the
maximum capacity of DPFC can be used will no longer be its
rated capacity. It can be concluded that whether the proportional
distribution method is adopted or the even distribution method is
used, the sub-unit cannot operate as expected in the control so DPFC
will fail to achieve the expected power flow control target, which
affects the safe and stable operation of the power system.

In this article, a coordinated output control method
considering the health status of the device is proposed to
improve the utilization efficiency of the device capacity,
reduce the device loss, and give full play to the economic and
efficient power flow function of DPFC.

Basic principle

The primary equipment of DPFC sub-unit is a
of IGBT
(Peddakapu et al, 2020). Its basic structure is shown is

H-bridge voltage source converter consists

shown in Figure 1.
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FIGURE 1

Basic structure of DPFC primary sub-unit equipment.
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FIGURE 2
Equivalent controllable voltage source model of DPFC
System.

It is of note that V4. is the DC capacitor voltage of DPFC sub-
unit, 4 is the current flows through the DC capacitor of DPFC
sub-unit, I; is the current flows between DPFC sub-unit and
power grid, I, is the current flows through the filter of DPFC sub-
unit, Vo, is the voltage output by the voltage source converter,
and V. is the voltage at the filter of DPFC sub-unit and it is the
voltage injected into the grid-side at the same time. Cq. is the DC-
side capacitor, and C¢ and L¢ are the parameters of the filter
capacitor and filter inductor, respectively. The filter link in DPFC
sub-unit primary structure can be configured according to
different application scenarios, which is circled in Figure 1.
The control strategy of DPFC with or without filter link will
be slightly different.

When filter link is included in the DPFC sub-unit, the
following equations can be obtained according to the circuit
equation of DPFC sub-unit:

di,

Ver=Ve-L 1

t fdt ()
dve.

IL,=1-C—— 2

=1L Cfdt (2)

When filter link is not configured in the DPFC sub-unit, Vo
is exactly the voltage V. injected into the grid-side by DPFC sub-
unit.

The whole DPFC system is composed of multiple DPFC sub-
units. These sub-units are all connected to the power system in
series. Each sub-unit can be viewed as a controllable voltage
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source. The equivalent model of the whole DPFC system in
power system is shown in Figure 2.

In Figure 2, V, and V, are voltages at the sending and
receiving end of the line where the DPFC system is installed,
respectively. Xy, is the equivalent impedance of the line, I} is the
current flows in this single line system, and P; and Qy, are the
active power flow and reactive power flow at the receiving end of
the line, respectively. Vi (wherei=1, 2, ..n) is the equivalent
voltage injected into the line by the ith DPFC sub-unit.
According to the equivalent model in Figure 2, the current
and power flow of the line satisfy the following equations:

<V1 - VZ - Zinvse,i)

I.L = ]XL > (3)
Py = RE(V,1}), “)

It is of note that the injection voltage is the voltage injected
into the line by DPFC sub-unit, the output voltage is voltage at
the AC-side of the converter. In order to further analyze the
impact of the injection voltage of the DPFC sub-unit on active
power flow of the line, the active power flow is expressed in detail
and rewritten as follows:

RAL

P, = Z:‘:l Vse,i
X1

+ 6
\/V% + V% -2V ,V,cos 912 ( )

It can be obtained from Eq. 6 that if the active power flow
reference value of DPFC system is determined, the line
impedance parameters need to be compensated by DPFC
system can be derived as follows:

V]VZ sin 612

Xu, (7)
PLref -

Xse.sum =
where 01, is the phase difference between V1 and Vs, and P ef is
the reference value of P;. The effective value of line current I is
obtained as follows:

\/(Vl - Vz Cos 812)2 + (VZ sin 612)2

Il =
| L| XL + Xse.sum

®)

The total voltage injected by all the DPFC sub-units in
operation can be written as shown in Eq. 9:

Vse,sum = |IL|XseAsum' (9)

Control for a single DPFC sub-unit is essentially the control
of the output voltage of DPFC sub-unit. The DPFC sub-unit is
acting on the line through the injection voltage V. The output
voltage is transformed into dq coordinate system by park
transformation in this paper, to realize the decoupling control
of the dq axis component of output voltage.
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FIGURE 3
Simplified control strategy of DPFC sub-unit.

Considering that if the LC link is not included in the primary
equipment of the DPFC sub-unit, the injection voltage will be the
output voltage to be controlled. The control strategy can be
simplified, as shown in Figure 3.

In the control strategy mentioned in Figure 3, V}, the
reference value of the DC capacitor in DPFC sub-unit is
subtracted with its corresponding feedback first. Then, the
result of this subtraction operation will be the driving signal
of the PI controller to output the d-axis component of the
modulation signal. The g-axis component of the modulated
signal is given by the upper system-level controller.

The system-level controller of DPFC consists of the
calculation module, the mode control module (DPFC can
work in several different modes (Lou et al, 2021)), and the
output voltage distribution module. It is described in detail in
Figure 4.

It can be seen from Figure 4 that for DPFC working in all the
modes, the output distribution of DPFC sub-units concentrates
on the g-axis component of the output voltage, and that is the
output of the output voltage distribution module. So, in the
following, the distribution method for the g-axis component of
the output voltage will be mainly analyzed to realize the optimal
output distribution of multiple DPFC sub-units.

Output distribution method of DPFC

When the even distribution method is adopted for the output
of DPFEC, if the output voltage need is small, the actual output of
each sub-unit is very small, and the utilization rate of the DC
voltage is low (which means a low modulation ratio). When the
converter used in DPFC is a voltage source converter, if the
modulation ratio is very low, there will be a large proportion of
harmonics in the output voltage, the waveform distortion of the
output voltage will be serious, and the device efficiency will not be
high. Therefore, in order to improve the working efficiency of
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each DPFC sub-unit, it is better to ensure that the output voltage
of each DPFC sub-unit is higher than 80% of the rated voltage.

At the same time, before selecting the DPFC sub-unit to
operate, if the sub-unit with high reliability are selected as the
power flow controller to track the reference, the reliability of the
whole system will be greatly improved (Huang et al., 2019b; Chen
et al, 2019; Huang and Gao, 2019; Zhu et al., 2020). In order to
express the reliability index of DPFC sub-unit, a control strategy
is proposed in this study as follows:

The DPFC sub-unit is a kind of power electronic device
consisting of IGBT, if the average fault-free operation time of the
sub-unit is 1/A, then the service life of the sub-unit matches the
exponential distribution with parameter A, and its failure
probability is written as follows:

F(t)=P{X<t}=1-e™t>0. (10)

So, the reliability of DPFC sub-unit can be expressed as a
function related to the total operation time of the converter.

p(t)=1-F(t)=e™. (11

With the constraint of this function, the fault probability
will increase as the operation time past, which means that the
DPFC sub-unit with a long term of operation will be exposed
to a greater failure risk. If the output distribution of DPFC is
divided into multiple steps, when the distribution for the next
step is needed, the DPFC sub-unit with a larger cumulative
working time is more difficult to assign into operation, which
can make DPFC sub-unit with less operation time is much
easier to work. It not only ensures the relative average
utilization rate of all DPFC sub-units installed on the line
but also reduces the fault probability of a single DPFC sub-
unit. In order to realize the abovementioned function, an
output coordinated control strategy which can work
autonomously and alternately for DPFC is proposed in this
paper. It mainly consists of two steps to determine the output
of DPFC sub-unit:

1) The output distribution module receives the voltage injection
instructions Vs gum from DPFC mode control module,
assuming that the rated output voltage of each DPFC sub-
unit is Venom, to ensure the voltage inverted by every sub-
unit is higher than 80% of the rated voltage, the number of
DPFC sub-units in need to be invested is

VseAsum
n=|————| (12)
0.8 x VseAnom

where the following relation should be satisfied:
Vse.sum —nX Vse,nom <0. (13)

The abovementioned equation indicates that the total output
voltage of DPFC, V¢ sum, should be less than the sum of the rated
output voltage of invested DPFC sub-units. The output voltage of
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FIGURE 4

System-level controller diagram of DPFC.

each DPFC sub-unit (which is expressed as modulation depth
here) can be obtained subsequently as follows:

Vse.sum —0.8 xnx Vse.ncm
n

+ 0'8 X VSCJ'lOm >/Vse<n0m'
(14)

Vseqi = (

If the result of Eq. 14 satisfies that Vg > 1. It will be out of
the modulation range of DPFC sub-unit. In this case, extra DPFC
sub-unit (which is not included in the number of n) should be
added to achieve the compensation target. The output of these
extra sub-units is as follows:

Vseqi = (Vseqi - 1)"”/L (15)

The modified output of each DPFC sub-unit can be obtained
by Eq. 15,

Vseqi = (Vse.sum - Vseqi)/n~ (16)

2) After the number of sub-units required for operation, n, and
the output of each sub-unit, Veqis are obtained. The DPFC
sub-unit with operation time less than a working cycle T (24 h
are noted as a working cycle in this article) in the previous
step is selected, the quantity of these sub-units is noted as m.
And the number these sub-units are formed into a set M.
Considering that if the total running time ¢, of each DPFC
sub-unit is small, the result calculated by Eq. 12 will be very
small. It is difficult to accurately express this result even using
double-precision data types. Therefore, the total operation
time of DPFC sub-units t,,, is directly used as an indicator to
judge the reliability of DPFC in this study.
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@ It is of note that the quantity of the DPFC sub-unit put
into operation in the previous step as n_0. When n>n_0, first,
the DPEC sub-units not included in the set M are ranked
according to their total running time. n_real (n_real = n — m)
DPEC sub-units with smaller total running time are
the then,
the output instructions Viseqi are given to these n DPFC

selected as supplementary sub-units, and
sub-units.

® When n<n.0, if m>n, only n DPFC sub-units with
smaller total running time are selected from the set M to
operate in the next step. If m <n, the DPFC sub-units not
included in the set M should be ranked according to their total
running time, and n_real (n_real = n—m)DPFC sub-units
with smaller total running time are selected as the
supplementary sub-units. Finally, the output instructions
Vieqi are given to these n DPFC sub-units. The flow chart
of the specific output distribution strategy is shown in

Figure 5.

Simulation analysis of the DPFC
output control strategy

In order to verify the correctness and effectiveness of the
proposed DPFC output control strategy, the verification
of the
constructed based on the m code of Matlab, i.e., to make
the rated output voltage of each DPFC sub-unit V,, = 1kV, the
total number of the sub-units is 10, and the total running time
of each DPFC unit (within 744 h) and the working time of the

environment output allocation strategy is
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FIGURE 5
Flow chart of output distribution strategy.

previous step (within 24 h) are randomly generated. The
simulation time is 1 month (i.e., 744 h), and the simulation
step length is 1 h Ve qum Was set to 2.2, 3.0, 3.8, 4.6, and 5.4 kV
at 1, 181, 361, 541, and 721 h, respectively. The simulation
results are shown in Figure 6.

As shown in Figure 6A, the total operation time of all
DPEC sub-units is different from the initial value of operation
time in the last step. However, as the simulation time passes,
the total running time of each DPFC sub-unit is gradually
consistent, and the working time of each DPFC sub-unit in
the previous step is limited to within 24 h. This is because the
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-
|

to this new working set

)

sub-unit with a smaller total running time will operate for a
longer time to ensure that each DPFC sub-unit is fully utilized
and that the total running time of each DPFC unit is most
balanced. As shown in Figure 6B, the output of DPFC sub-
unit is generally maintained at full rated output between
1h-360h, and the number of working sub-units changes
from 2 to 3. However, in 1-180h, due to the obtained
DPFC unit output instructions Vg >1, additional DPFC
sub-units are required to work, and the output of these
DPEC sub-units is 0.2 times the rated capacity. During
360-744 h, the of each DPFC

output sub-unit is
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FIGURE 6

Simulation results of DPFC output distribution: (A) simulation result 1 and (B) simulation result 2.

maintained above 0.8 times the rated capacity, and the
number of working units is gradually changed from 4 to
5 without supplementary units.

Conclusion

The disadvantages of the existing output control strategy
are analyzed in this article. In addition, a coordination
strategy of output voltage capability and the number of
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input sub-units is proposed. The simulation results are as

follows:

1)

2)

The output distribution strategy proposed in this article can
ensure that all DPFC sub-units in operation are maintained
at a high output state (excluding supplementary units) all
along the operation time, and the capacity of DPFC units in
operation is fully utilized.

The shift mechanism of the proposed output distribution
strategy can ensure that all DPFC sub-units are involved in
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the power flow control task, which is a good solution to the
rapid decline of reliability caused by the long-term work of
some DPFC units, so as to improve the overall reliability of
DPEC device and its service life.
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