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ABSTRACT

There are issues with flexible DC transmission system such as a lack of control freedom over power flow. In order
to tackle these issues, a DC power flow controller (DCPFC) is incorporated into a multi-terminal, flexible DC
power grid. In recent years, a multi-port DC power flow controller based on a modular multi-level converter has
become a focal point of research due to its simple structure and robust scalability. This work proposes a model
predictive control (MPC) strategy for multi-port interline DC power flow controllers in order to improve their
steady-state dynamic performance. Initially, the mathematical model of a multi-terminal DC power grid with a
multi-port interline DC power flow controller is developed, and the relationship between each regulated variable
and control variable is determined; The power flow controller is then discretized, and the cost function and weight
factor are built with numerous control objectives. Sub module sorting method and nearest level approximation
modulation regulate the power flow controller; Lastly, the MATLAB/Simulink simulation platform is used to verify
the correctness of the established mathematical model and the control performance of the suggested MPC strategy.
Finally, it is demonstrated that the control strategy possesses the benefits of robust dynamic performance, multi-
objective control, and a simple structure.
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1 Introduction

Flexible DC transmission technology with the advantages of independent control of active and
reactive power and no phase change failure has been recognized as an effective solution to the problem
of renewable energy grid connection and electricity consumption [1,2] due to the rapid development of
new energy generation. Flexible DC grids have increased grid redundancy and enhanced transmission
reliability than a standard DC grid. However, it can pose challenges for the power system, such as
challenging current regulation and sophisticated fault protection. If there are more than N-1 lines in
a DC grid with N converter stations, the converter stations cannot manage the currents on all lines
individually. In order to improve the flexibility of DC grid power flow control, a further type of power
electronics-based device, the DCPFC [3], is introduced into the DC grid.
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Among the many DCPFC topologies, interline DCPFC (interline direct current power flow
controller, IDCPFC) does not require additional power supply and has a greater advantage in terms
of engineering feasibility and technical economy. The first IDCPFC topology with dual H-bridges
back-to-back was proposed in reference [4], and the loss of the dual H-bridge structure is about 2.4%
of that of the varactor topology at 1 kA DC current. Compared with the dual H-bridge interline DC
current controller, the single capacitor interline DC current controller proposed in reference [5] was
able to save 33% of power electronics in the unidirectional current condition, but still does not solve
the current ripple problem caused by individual capacitor charging and discharging. Reference [0]
also proposes a power electronics saving DCPFC topology and designed an hysteresis band current
control (HCC) based control system for its proposed DCPFC. Reference [7] extended the dual H-
bridge interline DC current controller to multiple transmission lines with fewer power electronics used,
but the interline DC current controller with a single capacitor has very limited expansion capability.
Reference [¢] compared different power flow control methods and uses a dual H-bridge back-to-back
IDCPFC topology in reference [4] to study the role of DC power flow controller, where power flow
current control is achieved by connecting a single capacitor to 2 lines at high frequency.

In recent years, DCPFCs based on modular multi-level converters (MMC) have attracted a great
deal of interest. MMCs offer numerous advantages, including adaptability, controllability, superior
power quality, and high power transmission capacity. Numerous writers [9—12] have proposed their
very own MMC-based DCPFCs by combining different MMC characteristics. By adjusting the
number and direction of sub-module inputs in a single bridge arm, which has the benefits of a simple
structure and easy extension into multi-ports, these DCPFCs make use of the operating characteristics
of MMC sub-modules to meet the requirements of power quality and control effects.

Concerning the DCPFC control strategy, the bulk of previously published articles [13—15] have
established control strategies for their proposed DCPFC topologies; however, they are all standard
linear control strategies based on the proportional-integral (PI) control technique. Using the PI
control methodology, reference [16] developed and analyzes the mathematical model of a three-
terminal DC grid with a DCPFC placed between two lines. Reference [17] proposed an expandable
N-interline DCPFC and a control method based on proportional-integral-derivative (PID) control.
Other publications have created control strategies for DCPFCs operating under specific conditions.
Specifically, reference [ 8] examined a successful control strategy and the damping control mechanism
of the DCPFC under sub-synchronous oscillations. The problem of a shift in the control degree of
freedom caused by a non-transient disconnection defect in the DC ring grid is addressed in the study
[19] by the creation of a control degree switching method for DCPFC. Reference [20] provided a control
strategy for coordinated management of DCPFC and DC circuit breakers in order to reduce fault
currents during DC faults.

Numerous investigations on DCPFC topologies and control strategies have been conducted
in recent years. MPC is a nonlinear predictive control system that predicts controlled quantities
and completes control using a predictive model of future states and online cyclic optimization
calculations. In the area of process control, it has been successfully used in [21,22]. Power electronics
and transmission control have seen a lot of study on finite control set model predictive control (FCS-
MPC) over the past ten years. For the first time, FCS-MPC is utilized in [23] to control the MMC-
HVDC system. MPC is also used in [24] to regulate the MMC’s AC output current, and loop control is
added to complete multi-objective control. In order to lower the computational cost of the MPC and
increase the computational speed, a voltage sequencing algorithm is added to the control strategy [25].
To further reduce the computational cost when utilizing the voltage sequencing technique, reference
[26] substituted a finite control set of output level numbers for the conventional effective switching
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state finite control set. In reference [27], to guarantee the output voltage’s consistency, the number of
bridge arm input modules is only allowed to fluctuate within a small range throughout the subsequent
sampling time. This prevents the output voltage from changing too quickly.

In conclusion, DCPFC'’s steady-state control strategy is mostly built on the typical linear control
strategy based on PI control, while MPC is not yet implemented. In order to improve the dynamic
performance of the MMC-based DCPFC, a MPC strategy is suggested for the novel multi-port
interline power flow controller (MI-PFC), established in reference [28], in this paper. On the basis of
the original topology and power flow control technique, a mathematical model of the multi-terminal
DC grid comprising the MI-PFC is developed, and a MPC strategy for the MI-PFC with optimum
steady-state operating performance is subsequently devised. In order to test the performance of the
control strategy, the MI-PFC electromagnetic transient model is constructed using the MPC strategy
and the MATLAB/Simulink simulation tool.

2 MI-PFC Topology

Fig. 1 depicts the topology of the MI-PFC employed in the article. Full-bridge submodule forms
the foundation for the MMC bridge arm. The primary components of the DC current controller are
the equivalent resistor R, capacitor C,, bridge arm reactor L,, and DC reactor L . The AC and DC
routes of the MI-PFC, which consist of capacitor C, and DC reactor L., keep the AC and DC currents
separate. The MMC bridge arm can be utilized as a modular device and is therefore easily expandable,
allowing the number of sub-modules and bridge arms to be altered as needed to fulfill power quality
specifications.
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Figure 1: Topology of MI-PFC
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3 MI-PFC Working Principle and Mathematical Model

MPC requires a discrete mathematical model to foresee future states. Consequently, it must be
designed with MI-PFC-specific architecture and actual operating conditions in mind. After introduc-
ing the topology of MI-PFC in the preceding section, this section establishes the dynamic mathematical
model of MI-PFC by analyzing its operating principle, then provides the discrete mathematical model
required in MPC by discretizing it, and finally derives the necessary equation for prediction.

In a four-terminal DC grid, the three-port MI-PFC is installed at the site of converter station 1
as illustrated in Fig. 2, where I, represents the line current, R; represents the DC line resistance, U,
represents the voltage at the converter station, and /; represents the outlet current.
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Figure 2: Equivalent circuit diagram of power flow control

The interline DC current controller must have both the basic function of controlling current and
the ability to balance its own power. Consequently, the MI-PFC bridge arm voltage is given by Eq. (1).

Uwi = Uwinc + Umiac sin (ot 4 6,)
Uw> = Uvione + Unioac sin (ot + 6,) (D
Uwis = Usise + Unpsac sin (ot + 65)

where Uy is the amplitude of the DC component of the voltage at both ends of the MMC and
U wiac 1s the amplitude of the AC component of the voltage at both ends of the MMC; the former is
responsible for controlling the grid current and the latter for balancing its own power; 6, is the initial
phase angle of the AC component (i = 1~3).

A few kilovolts of voltage drop in a DC grid line is negligible compared to typical system-level
values of several hundred kilovolts. Consequently, a minimal number of Uy;pc—Uyspe sSubmodules
of the MMC full-bridge variety can perform the role of controlling DC grid currents. The DC grid
depicted in Fig. 2 is controlled by master-slave control, with converter station 1 adopting a constant
voltage control strategy and the other three converter stations using a constant power control strategy.
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Therefore, the currents 7,~1, at the converter station can be considered known quantities. Fig. 2
illustrates the relationship between DC voltage and line current according to Kirchhoff’s voltage law.

[11,R); — I;3R5 — Ly Rys = Uyiine — Uniane
IRy — I14Ryy — LRy = Unpppe — Unispe

Iz = 112 + 123 (2)
13 = [13 + 134 - 123
L=1,—-1,

\IMB = 112 + 113 + 114 - IMl - IMZ

where 1, 1,5, 14, I,;, and I, are the line currents as shown in Fig. 2; Iy, I\, and I,; are the bridge
arm currents as shown in Fig. 2; I,, I, and I, are the converter station currents as shown in Fig. 2;
Ry, Ri5, R4, Ry, and R,, are the line resistances in Fig. 2.

In addition, the entire power of the MMC bridge arm of the MI-PFC must be balanced, and
the AC power of the MI-PFC can only be exchanged inside it so that it can achieve its intended
function of power balancing. To generate matched bridge arm currents, the MMC bridge arm voltage
consists of both DC and AC components, as stated in the following Eq. (3). In the MI-PFC topology,
C, is responsible for “blocking DC current and passing AC current,” whereas L, is responsible for
“blocking AC current and passing DC current.” The existence of the DC reactor L, prevents the AC
current of the MI-PFC from migrating to the DC grid line, causing it to flow only within the reactor.

Lyi = I, + Lyac sin (ot + @)
Ly = I; 4 Lyoac sin (ot + @,) 3)
Ly = I, + Lysac sin (wf + ¢5)
where Iyac 1s the AC current fundamental amplitude of the bridge arm current, and ¢; is the initial
phase angle of the AC current (i = 1~3).

In each bridge arm of the MI-PFC, there are N full-bridge sub-modules, and it is assumed that
each sub-module receives a voltage of Uy;c. The following will serve to establish the relationship
between the number of sub-modules, the voltage of each individual sub-module, and the voltage of
each bridge arm.

Uvi = N * Uyic 4)
where Uy, is the bridge arm voltage, N is the number of submodules, and Uy, is the submodule
capacitance voltage (i = 1~3).
The bridge arm containing N sub-modules is analogous to a whole capacitor, and the voltage on
each bridge arm is determined by
dUy;
< dt
where U\, is the bridge arm voltage, Iy; is the bridge arm current and C,, is the equivalent capacitor,
and its value can be expressed as

C
N
where C is the capacitor value of each submodule.

=1, (%)

C. = ©6)
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The KCL equation for the capacitor between the two bridge arms is given as

dU,
Cl dZCl = 112 - IM]

AU (7)
Cl dtcz = 112 + 113 - IMl - IM2

where U, and U, are the voltages of the capacitors C, and C, between the bridge arms.

The mathematical model presented in the paper depicts station 1’s constant voltage converter as
being equivalent to the DC voltage source U,. The current source shunt capacitor is equated to the
remaining three converter stations. The equivalent KCL equations for these three converter stations
are listed below:

dU.

Cx_dtz = Iz - Il2 - Iz3
dU.

Cs_3 =L+DLi—1;—-1 (8)
dt
dU,

C—=L+1L,—1

| dt 4+ I3 14

where U,, U,, and U, and refer to the voltage of converter station 2, 3, and 4, respectively. Cs,, Cg,
and Cg, are the equivalent capacitors of the converter stations.

Following is how the final dynamic mathematical model of MI-PFC is obtained:

X =AX + BU )
[IMI IMZ 112 113 114

X" = 123 134 Uc1 Ucz Uz te (10)
U3 U4 UMl UMZ UM3 ]

UT - [Udc 12 13 14] (11)

where A and B are matrices of coefficients.

MPC requires a discrete MI-PFC dynamic mathematical model; hence, the aforementioned
dynamic mathematical model is discretized using the forward Euler method, as indicated in Eq. (12).
dx () xk+1)—xk)

A 12
dt T, (12)
where x(k + 1) is the value of the variable at the next sampling time, x(k) is the value of the variable at
the current sampling time, and 7', is the sampling cycle time.

4 MPC Strategy for MI-PFC

4.1 The Overall Control Structure

The completion of MI-PFC’s primary core function is dependent on the MMC full-bridge sub-
module; thus, the initial control strategy also employs the direct current control method based on the
PI control strategy, which is a standard linear control strategy. The direct current control method is
separated into an outer-loop controller and an inner-loop current controller, requiring the setting of
proportional and integral coefficients for the two control loops, resulting in a more complicated control
structure. Moreover, when the control target is quickly altered, the linear control features of PI control
would result in poor dynamic performance. As a nonlinear optimal control strategy, MPC has many
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benefits, including simple control structure, multi-objective control, and good dynamic performance.
Consequently, with the rapid development of digital processors, FCS-MPC has been widely studied
in the fields of power electronics and power drives. The principle of MPC is to obtain the predicted
value of the controlled quantity at the next sampling time using a model predictive method under
the action of a limited combination of switch states, thereby obtaining the optimal switch group state
combination.

Therefore, the paper chooses model predictive control instead of conventional PI-based control
for current and voltage control in MI-PFC. The overall structure of the proposed model predictive
control strategy is described in detail below.

Fig. 3 illustrates that the MI-PFC MPC strategy encompasses five essential components, compris-
ing a discrete prediction model, reference value computation, model prediction, rolling optimization,
sub-module voltage ordering, and nearest level approximation modulation. Included in the calculation
of the reference value are the bridge arm voltage command and line current command reference values.
The discrete MI-PFC mathematical model computes the bridge arm voltage and line current prediction
values at the next sampling instant, inputs them into the defined cost function, and then performs
rolling optimization to determine the ideal number of input submodules. In order to limit the rate of
voltage change so that the bridge arm voltage does not fluctuate drastically and abruptly, the MPC
strategy proposed in the paper limits the number of submodule inputs to the range —1, 0, and 1, i.e.,
only up to one submodule can be increased, decreased, or held constant.

Reference value
calculation

Untiref Iijref
A
Select )

. Calculating the Sub-module  |Switch
Discrete the optimal voltage Signal
predictive cost B number H» sequencing and —»
models . nearest level

function of sub- -
modules modulation
Prgilj(i)jijt?cl)ns Roalling optimization Signal Modulation
\ |

Model predictive control

Figure 3: Block diagram of MPC strategy for MI-PFC

After establishing the ideal number of input submodules, N, submodule voltage sorting is used
to balance the submodule capacitor voltage. Due to the low voltage level of MI-PFC, a small number
of full-bridge submodules are utilized. In the sorting method, traditional bubble sorting is utilized,
which compares the voltage of each submodule to the others and selects the submodule with the
lowest voltage while charging and the submodule with the greatest voltage when discharging. Thus,
the required sub-module can be chosen so that the voltage in the full-bridge type sub-module within
the bridge arm can be kept as consistent as feasible, and the computing work of the MPC strategy can
be minimized to some degree. The mathematical model is given as

[max{UMlC Uwe  Ussc  Umac} discharging
Unic =

. . (13)
min {Uyic Uwse Umsc  Usuc} charging

where Uy is the sub-module capacitor voltage.
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Using nearest level modulation (NLM), the final modulation signal is created for input into the
IGBT of the submodule. U(?) is supposed to represent the instantaneous value of the modulating
wave, and U represents the output voltage level span, where U is equal to the average value of the
sub-module capacitor voltage for a well-balanced sub-module voltage. After each sampling interval,
the reference wave U () is sampled, and N sub-modules are inserted into the bridge arm between each
sampling period. The expression of the relationship is as follows:

N = round [%} (14)

C
where the round (x) function returns the integer that is closest to x.

Since the MI-PFC used in the paper relies on the forward and reverse inputs of full-bridge
submodules to complete the bidirectional control of the DC grid power flow, the calculated number
of submodule inputs ranges from N, where a submodule input number greater than zero indicates the
forward input of submodules and a submodule input number less than zero indicates the reverse input
of submodules.

4.2 Reference Value Computation

MI-PFC generates amplitude Uype and Uyae DC voltage components and AC voltage compo-
nents, the former of which is responsible for achieving the objective of managing grid currents and the
latter of which is responsible for achieving the goal of balancing its own power.

In addition, Eq. (15) depicts the DC line currents in Fig. 2.
P i = U;Iq (15)

where P; is the line power, U, is the converter station voltage, and I, is the line current (i = 1~3, j =
1~4).

It can be inferred that the value of U, in Eq. (15) remains consistent, enabling the tidal current
controller to implement a mechanism that governs the line current with the intention of regulating the
tidal current. Consequently, the line current and the bridge arm voltage are the two control objectives
of the MI-PFC, and their respective reference values must be calculated. In Fig. 4, [ is the DC
line current reference value that is determined by the power flow control objective. Using the known
line resistance and the constant power converter station current, i.e., Uy in Fig. 4, it is possible to
determine the bridge arm voltage reference value while adjusting the power flow current. Its specific
computation can be taken from the literature on steady-state control strategies [28].

4.3 Constructing the Cost Function

The two control objectives of the MI-PFC MPC strategy are bridge arm voltage and line current,
and these two control quantities are included in the design of the cost function. Incorporating a
weighting component into the multi-objective control problem further integrates it. Cost functions
are created in accordance with the aforementioned control objectives.

(1) Bridge arm voltage

According to the discrete mathematical model of MI-PFC presented in the preceding section, the
bridge arm voltage prediction equation can be derived as

UMi (k + 1) = UMi (k) - CquM/' * Ts (16)

where Uy;(k + 1) is the predicted value of the bridge arm voltage at the next sampling time, U, (k) is
the actual value of the bridge arm voltage at this time, and 7’ is the sampling time.
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Therefore, the cost function for the control objective of the bridge arm voltage can be designed as
follows:

Jl = |UM1‘ (k+ 1) - UMirer| (17)
where Uy, 1s the bridge arm voltage reference value.
(2) Line current

The power distribution of a DC grid is determined by the direction and magnitude of the current
on each line. Consequently, line current is the ultimate aim of DC current control. In the initial DC
current control strategy, the bridge arm voltage command reference value is derived from the line
current command reference value. The MPC strategy for MI-PFC directly uses the line current as a
control target, which will manage the DC grid power flow more directly and more quickly, and is vital
for enhancing the MI-PFC strategy’s dynamic performance.
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According to the discrete mathematical model of MI-PFC, the following line current prediction

equation can be derived:
dl; (¢
L+ =100 - 20T, (18)

where 1,(k + 1) represents the anticipated value of the line current at the next sampling time, 7,(k)
represents the actual value of the line current at this time, and 7', represents the sampling time.

Consequently, the cost function for the line current control goal can be constructed as follows:
Iij (k + 1) - Iijref (19)

where 1, 1s the line current reference value.

J2=

Combining the aforementioned two control objectives, the overall cost function is created accord-
ing to Eq. (20), where the weight factor must be found through trial generation and A, = 0.01, A, =
0.2 are assumed in the study.

J = )\1 |UMi (k+ 1) - UMiref| + )\2 |Iq (k+ 1) - iijref

where X, A, are the weight factors.

(20)

5 Simulation Analysis

5.1 Model Validation

The dynamic mathematical model of the four-terminal DC grid comprising MI-PFC established
in the previous publication is simulated in the form of a MATLAB program, and the electromagnetic
transient model of MI-PFC employing a PI-based technique is constructed in MATLAB/Simulink.
The specific parameters are shown in Tables 1-4. The following simulations are done for the MI-PFC
during normal operation. The length of lines L,,/L,, is 2 km, and the length of lines L,3/L,:/L,; is 1 km.

Table 1: DC grid component parameters

Items Values
DC line resistance 0.01 Q/km
Bridge arm inductors L, 53 mH
DC reactor L, 0.02H
Sub-module capacitor C, 7 mF
Bridge arm equivalent resistance R, 1Q
Number of sub-modules N yyc 10

Table 2: Converter station parameters

Items Values
Converter station 1 equivalent capacitor Cy, 142.9 uF
Converter station 2 equivalent capacitor Cg, 142.9 uF

Converter station 3 equivalent capacitor Cg; 142.9 uF
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Table 3: Converter station control parameters

Items

Values

Voltage of converter station 1

Capacity of converter station 2
Capacity of converter station 3
Capacity of converter station 4

200 kV

100 MW
400 MW
200 MW

Table 4: MI-PFC parameters

Items

Values

Bridge arm equivalent resistance R,
Bridge arm inductors L,
Sub-module capacitor C,,

Number of sub-modules N yuc

0.01
0.5mH
1 mF

4

The model validation was performed by comparing the dynamic mathematical model of MI-PFC
and the electromagnetic transient model under operating condition 1 as shown in Table 5 to verify the
correctness and validity of the dynamic mathematical model used in the paper.

Table 5: Control parameters of condition 1

0./degree

i=1 -1.29 4.129
i=2 —0.79 4.629
i=3 1.21 —4.209

0
19
71

Figs. 5a and 6b depict the currents of each line of MI-PFC for the two models of four-terminal DC
grids simulated by the MATLAB software, whereas Figs. 5c and 5d depict the voltages of the converter
station simulated by the two models. Uyc, Unac, and Uyie are the dynamic mathematical models
simulated by the submodule capacitor voltages simulated by the dynamic mathematical model in
Figs. 5¢ and 5f. The comparison in Fig. 5 demonstrates that the DC current, converter station voltage,
and sub-module capacitor voltage simulated by the dynamic mathematical model are highly consistent
with the MI-PFC electromagnetic transient model employing the original PI control strategy, and the
error is due to the fact that the mathematical model disregards the high harmonic components of the
internal AC voltage of the MI-PFC. The above analysis demonstrates the correctness and precision of

the article’s dynamic mathematical model of MI-PFC.
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Figure 5: Model verification simulation diagram

5.2 Verification of the Performance of the MI-PFC Model Control Strategy

To further demonstrate the benefits of the MPC strategy for MI-PFC, an electromagnetic transient
model of the MI-PFC is constructed and simulated in MATLAB/Simulink. The parameters utilized
in the preceding mathematical model are maintained.
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Figure 6: Simulation comparison of line current under condition 1

(1) Condition 1: The current on control line L,; falls as the current on control line L, rises.

Before MI-PFC is activated, the DC grid is stabilized with the following line currents:
I, =0.767 kA, I,; = 1.8 kA, I,, = 0.933 kA, I, = —0.067 kA, and I,; = —0.267 kA. To maintain
the consistency of the MPC strategy and the sampling frequency of nearest level approximation
modulation, the sampling period for the main circuit parameters and the operation parameters of
the Dinghai converter station of the Zhoushan multi-terminal flexible DC transmission project is set
to 100 us. The key control parameters in the simulation system are shown in Table 6. I,; = 1.5 kA
and I, = 1.5 kA are the power flow current control goals for condition 1 at £ = 1 s. According to
the operating principle described in the preceding study, the bridge arm voltage reference value is as

shown in Table 5.

Table 6: Key control parameters

Parameters Value
Weighting factor A, 0.01
Weighting factor A, 0.2
Sampling time T’ 100 us

Fig. 6a depicts the distribution of DC grid current. During this procedure, the power flow
controller adjusts /,; and I, to the desired values in approximately 0.3 s. Fig. 6b depicts the line
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currents regulated by the MPC strategy technique described in the article, in which this power flow
controller brings /,; and I, to the desired control value in around 0.2 s. From Fig. 6b, it can be observed
that the DC current with the MPC strategy follows the reference value more quickly and steadily, and
its fluctuations are lower than those with the original control strategy. Therefore, when the DC current
controller is activated, the effect on the current of each line of the DC grid can be enhanced.

Compared to the bridge arm voltages Uy, Uw,, and U,; in Fig. 7a with PI control, the bridge arm
voltages Uy, Uy, and Uy in Fig. 7b with MPC strategy demonstrate that the MPC strategy designed
in this paper provides superior control dynamic performance for the bridge arm voltages. As illustrated
in Fig. 7a, the bridge arm voltage under PI controlled condition 1 begins to vary significantly at 1.01 s,
whereas in Fig. 7b, the bridge arm voltage under MPC control strategy of condition 1 begins to change
significantly only at 1.002 s.
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(b) Bridge arm voltage of condition 1 under MPC strategy

Figure 7: Simulation comparison of bridge arm voltage under condition 1

In accordance with the paper’s MPC strategy, the submodule capacitor voltage can follow the
reference value more quickly based on the simulation comparison in Fig. §. In conjunction with the
sub-module balancing algorithm, it can maintain the balance and stability of the sub-module capacitor
voltage in the MI-PFC bridge arm. Similarly, the peak value of Uy;¢ in Fig. 8b is lower than that in
Fig. 8a due to the more accurate following ability of submodule voltage brought about by the MPC
strategy, indicating that the overcharging problem at the initial charging of submodule capacitor under
PI control can be mitigated to some degree.
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(2) Condition 2: The current on line L,; decreases and the current on line L,, increases.

After the DC grid is stabilized, the power flow control target for MI-PFC at ¢ = 1 s in condition
2issetat I;; =1kA and I, = 0.5 kA, and the sampling time is also 100 ps. The reference values of
the bridge arm voltage in Condition 2 are shown in Table 7.

Table 7: Control parameters of condition 2

Uninc/kV Uminc’kV 0./degree
i=1 2 —6.614 0
i=2 -2.5 —6.114 124
i=3 -3 —5.614 103

In Fig. 9b, I,5 and I,, are the DC line currents of condition 2 with the MPC strategy, and it can be
seen that /; and /,, can be reduced to the target value in Fig. 9b. In terms of the dynamic performance
of the line current control in condition 2, the original PI control can be completed in about 0.3 s
to follow the line current reference value, while the MPC strategy can be completed in about 0.2 s
to basically follow the line current reference value. At the same time, the fluctuation of the current

magnitude will be reduced.
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Fig. 10b depicts the bridge arm voltages in the DC grid under the MPC strategy, while Fig. 10a
depicts the bridge arm voltages with the original PI control strategy. Comparing the two figures reveals,
similar to condition 1, that the bridge arm voltage under the MPC strategy responds approximately
0.098 s faster than the bridge arm voltage under PI control.

In Fig. 11b, the submodule capacitor voltages Uyyc, Unac, and Uyse under the MPC strategy
have a faster control target tracking speed than the submodule capacitor voltages Uyc, Uy and
Upisc with the original PI control strategy. Comparing the peak value of Uy in Figs. 11b and 11a,
there is a reduction utilizing the MPC strategy designed in the study, demonstrating that the control
strategy can mitigate the problem of submodule capacitor overcharging to some extent.
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Figure 11: Simulation comparison of sub-module capacitor under condition 2

The simulation analysis of the aforementioned two operating conditions demonstrates that the
MPC strategy designed in this paper can control line current, bridge arm voltage, and sub-module
voltage effectively under different operating conditions and has a faster dynamic response and more
accurate control effect than the original control strategy for the designed control target.

5.3 Precharge Method for MI-PFC

Incorporating an initial energy for the storage element in the MI-PFC can effectively minimize
the intensity of the transient process, which subsequently helps reduce the voltage shock during the
start-up phase [29]. Therefore, this research endeavors to include a precharge method in the start-up
process by following the subsequent steps:
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(1) Firstly, the sub-module will be blocked so that the DC line current charges the sub-module
of the MMC bridge arm. The sub-module capacitors will have an uneven charging rate due to the
varying DC line current. Therefore, to avoid over-voltage, the sub-module will be unblocked once the
capacitor of the largest sub-module in all bridge arms reaches 85% of the rated value. The sub-module
capacitor will then store energy.

(2) Secondly, the sub-module will be removed to enable the DC line current to magnetize the
inductor L,. During the initial stage, the charging current will decrease as the capacitor voltage rises,
leading to an inability to magnetize the bridge arm inductor. However, after removing the sub-module,
the DC line current starts to magnetize the inductor, with 7, — I, indicating the magnetization is
complete, and the MI-PFC is ready for power flow control.

As shown in Figs. 12 and 13, simulation experiments were conducted to demonstrate the effect
of the precharge method on the control of sub-module capacitor voltage fluctuations. The simulation
results show that the voltage fluctuation of small module capacitors can be reduced by adding the
precharge method, and the parameters of the capacitor and IGBT can be more easily selected.
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Figure 13: Precharge sub-module capacitor voltage of condition 2

6 Conclusion

The article proposes a MPC strategy for the MI-PFC that has the benefits of good dynamic
performance, a simple control structure, and the ability to implement multi-objective control. The
subsequent conclusions are reached:

(1) The MPC strategy presented in this study can replace the original PI-based voltage control
and current control structures. It has two control objectives: DC line current and bridge arm voltage.

(2) The dynamic mathematical model of a multi-terminal DC grid with a MI-PFC can accurately
represent the relationship between each controlled quantity and the control quantity, thereby achieving
the prediction output of voltage and current commands and completing the model prediction link of
the paper’s control strategy.

(3) The MPC strategy created in this study has a certain degree of dynamic performance
improvement and optimization compared to the original control strategy; it also has greater control
accuracy and simplifies the construction of the control strategy for the MI-PFC. The model predictive
control strategy designed in the article can improve the DC line current control speed by 30%, and the
control time to complete the line current in the four-terminal DC network used in the MPC strategy in
the article is 0.2 s, which saves 0.1 s compared to PI control. Under the PI control strategy, the bridge
arm voltage starts to change significantly at t = 1.01 s, while with the MPC control strategy, the bridge
arm voltage starts to change significantly at t = 1.002 s the bridge arm voltage strategy starts to change
significantly, which is about a 20% improvement in dynamic response speed.
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(4) The paper utilizes a model predictive control approach to enhance the control performance
of MI-PFC. A cost function is employed to normalize the two control objectives; however, certain
limitations still exist. The cost function used in the study relies on the traditional trial generation
method, which may be challenging and time-consuming in determining the process. Additionally, the
capacitor voltage sorting technique utilized in the research is based on the traditional bubble sorting
algorithm, which requires a substantial amount of computation. Voltage sorting algorithm used is the
traditional bubble sorting, which requires a large amount of calculation.

(5) Moreover, while MI-PFC is a unique inter-line DCPFC topology, the model predictive control
strategy developed may not be suitable for other inter-line DC current controllers. Therefore, proposed
extensions to more interline DC current controllers utilizing general models will be explored in future
studies to enhance the scope of this research.
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