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Abstract: Aiming at the problems of the high switch numbers, complex working mechanisms, and
complicated real-time simulation of modular multilevel converters (MMCs) composed of dual-port
submodules, in this study, we designed a unified equivalent model of the multiple submodule
network by analyzing the combination of parallel submodules in the bridge arm. The proposed
model decouples the submodules that do not affect each other in the subnetwork calculation process,
thereby reducing the number of prestored parameters in the subnetwork simulation. In the Xilinx
Virtex-7 FPGA VC709 (Xilinx Corporation, San Jose, CA, USA) development board, we replaced the
inline computation combined with the prestorage of parameters with the proposed equivalent model
to optimize the execution unit structure and redesigned the FPGA-Based Real-Time Digital Solver
(FRTDS). Taking the P-FBSM-based MMC-HVDC system as the simulation object, we performed a
real-time simulation with a step size of 10 us, which verified the effectiveness of the proposed model
and the improvement in the hardware. We compared the results with the offline MATLAB/Simulink
simulation results to verify the accuracy of the simulation.

Keywords: modular multilevel converter (MMC); real-time simulation; electromagnetic transient
modeling; prestored parameters; field-programmable gate array (FPGA)

1. Introduction

Energy and environmental problems are becoming increasingly severe, and the energy
structure is transforming toward clean and low-carbon energy. Flexible DC transmission
technology has many advantages in long-distance power transmission and large-scale
renewable energy grid integration and thus is playing an important role in energy trans-
formation [1-3]. Owing to their scalability, low harmonic content, and strong fault ride-
through capability, MMCs have gradually become the mainstream flexible HVDC converter
structure. The control and protection system has an important function in the secure and
reliable operation of the power grid. The hardware-in-loop (HIL) test based on real-time
simulation is used to verify the correctness of the protection devices” action and the effec-
tiveness of the control strategy in HVDC flexible transmission [4-6]. As the transmission
voltage level increases, the switching element groups sometimes need to be used in par-
allel. In this case, a new topology can be constructed with the same components to add
new functions to the submodules. As such, researchers have designed an MMC topology
that provides capacitor voltage self-balancing and bridge arm current-sharing [7-9]. The
parallel full-bridge submodule (P-FBSM) topology [10] is a dual-port structure that reduces
switching frequency and power loss and performs the sensorless operation of capacitor
voltage, providing practicality and advantages in high-voltage MMC applications. The
dual-port submodule has four outlets, and its current path is complex and changeable,
requiring the Thevenin equivalent model, which is applicable to real-time simulations
of the single-port submodule [11]. Previously proposed is the electromagnetic transient
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simulation model suitable for the topology of the dual-port submodule, but this method
requires iterative calculation and involves a large number of matrix operations, so it is not
suitable for real-time simulation due to high calculation cost. The many high-frequency
interrupted power electronic devices used in MMCs require a small simulation step size for
real-time simulation, but a real-time simulation model that can reflect the diverse working
modes and complex current paths of dual-port submodules has not been designed. A
hardware platform with strong computing power is also required for real-time simulations
of the MMC-HVDC system.

At present, the mainstream real-time simulators used in the electrical engineering
field include RTDS and RT-LAB [12-14]. RT-LAB integrates the dynamic system math-
ematical model established by MATLAB/Simulink and performs real-time simulations.
It is mainly used for the simulation of a single-power electronic device and less so for
system-level simulation. The RTDS hardware used for computing tasks includes several
racks and multiple processors for parallel computing to increase the simulation scale.
However, the underlying computing hardware is still a serial device in essence, which
leads to limitations in small-step simulation. In addition, the existing platform has strict
hardware configuration requirements, so the equipment cost is too high for most practical
situations [15]. The field-programmable logic gate array (FPGA) has a fully configurable
parallel hardware structure, with distributed memory and deep pipeline structures, and
also is low cost and small. As such, FPGA has gradually become the main hardware used
for the real-time simulation of power systems [16]. A specialized calculation module was
constructed on an FPGA based on the mathematical model of the power system, which
improved the real-time simulation speed [17-19]. However, the dedicated modules often
remain in an idle state due to limitations of the calculation process, resulting in a waste
of FPGA resources. Zhang et al. [20] designed a real-time digital solver (FRTDS) based on
FPGA and an instruction stream. FRTDS breaks the design concept of designing specific
hardware circuits for each function involved in the simulated objects and provides a new
idea for the real-time simulation of electromagnetic transients in power systems. FRTDS
was designed for traditional AC power systems; thus, when used for real-time simulation
of MMC-HVDC systems, it needs to be modified according to the characteristics of the
calculation process. To perform real-time simulations of the dual-port submodule in MMC-
HVDC systems, in this study, we optimized both the simulation models and the simulation
platform. Section 2 introduces the basic structure of the FPGA-based real-time digital solver
(FRTDS), focusing on the operation mechanism of the general computing components;
Section 3 describes the method of replacing computation with storage, which is often used
for real-time simulations to reduce the computation amount. In Section 4, we propose
an equivalent model of the PFBSM subnetwork from the perspective of storage capacity
optimization and analyze the computation amount. In Section 5, we describe appropriate
improvements to the original FRTDS according to the calculation characteristics of the
MMC-HVDC system; in Section 6, we verify the effectiveness and accuracy of the proposed
simulation model and design method by describing a study case of the MMC-HVDC
system; Section 7 outlines the studies conclusions.

2. FPGA-Based Real-Time Digital Solver (FRTDS)

The FPGA-Based Real-Time Digital Solver (FRTDS), which uses instruction stream-
driven architecture, is to design a high reusability calculation unit based on the simulation
method, the data address and the operation type of the calculation unit are given by
instruction to realize the calculation. FRTDS was designed to simulate traditional AC power
systems, adopting the node voltage analysis method. Its calculation process and commonly
used arithmetic operations are shown in Figure 1. If each calculation process is designed
as a specific function module, it not only wastes FPGA resources but also increases the
simulation calculation time. According to the typical arithmetic operations of the calculation
process, when the operating components of an FRTDS are designed, the following seven
arithmetic operations are defined as basic operations: Y = A x B,Y=A+B, Y=A/B,
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Y=AXxB+CxD,Y=A/B,Y=A xB/C,andY = A x B/C + D; all the other arithmetic
operations can be split into these basic operations. For example, Y = A x B/C+ D/E +F
can be split into two basic operations: Y =A x B/C+Yland Y1 =1 x D/E + F. To save
the DSP resources in an FPGA, all basic operations are implemented with two adders, two
multipliers, and one divider in the general operation component.
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Figure 1. Computational features of node analysis.

FRTDS describes the data memory address and the selected word of the basic operation
involved in completing a certain operation in the specified instruction format and saves
them in the program’s memory. The arithmetic component takes the instructions from
the program memory at the specified operating frequency, and transmits them to the
read, write, and selection controllers. The read controller obtains the operation data
from the data memory through the multiport read-and-write circuit, the arithmetic unit
performs calculation according to the operation formula determined by the select controller,
and the write controller stores the calculation result in the data memory through the
multiport read-and-write circuit. In each step, the arithmetic components continuously and
cyclically execute the calculation process according to the instructions; the specific structure
of the universal computing component is shown in Figure 2. To enable the arithmetic
components to work in a pipeline, an instruction buffer queue is added to the read, write,
and selection controllers to implement a delayed output of data memory addresses and
selection words. Several arithmetic components can be formed into a microprocessor core
with stronger computing power. The arithmetic components in the core communicate
through shared memory, and the microprocessor cores communicate through the straight-
through wires of the arithmetic components via message passing. When allowed by
available hardware resources, as many microprocessor cores as possible should be built
so that the FRTDS will have powerful parallel computing capabilities. The data exchange
between the microprocessor cores adopts the way of “hand in hand and data pipeline”,
which means that two adjacent microprocessor cores share data storage units while two
non-adjacent microprocessor cores exchange data through the data pipeline.

When used for HIL testing of real equipment, the time when the control signals of
the switching elements such as IGBTs sent by the controller reach the FRTDS is uncertain;
therefore, these signals are first stored in the backup data memory. At the start of each
simulation step, the backup data memory becomes the running data memory of the arith-
metic components, and the external information is provided to the arithmetic components.
The output data of the arithmetic components cannot be directly provided to the periph-
eral equipment. First, the output data are saved in the backup data memory, and at the
beginning of each simulation step, the backup data memory is changed to the running data
memory of the peripheral equipment to ensure that the voltage and current peripherals are
used at the same time. The ping-pong operation of the data memory improves the working
efficiency of the real-time simulation platform.
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Figure 2. Structure of universal arithmetic components.

During the simulation calculations, the switching element is modeled as a binary
resistance, and the nonlinear elements are calculated in a piecewise linear manner. The
existence of a switching element and a nonlinear element leads to many simulation param-
eters having various values. To facilitate the selection of the current value of a multivalued
parameter, all the values of a multivalued parameter are stored as an array, in which each
element represents the value of a multivalued parameter for a certain case. The information
describing the multivalued parameters is stored in the boot word, which includes the
starting address of the multivalued parameter array, the address of the affect word, and
the decoding method. After obtaining the state of the affect word, FRTDS calculates the
address offset according to a certain decoding method and adds this offset to the starting
address to obtain the real address of the current value of the multivalued parameter. The
specific process is shown in Figure 3. The affect word is divided into internal and external
affect words. The state of the internal affect word is determined by the calculation result of
the arithmetic component, and the state of the external influence word is determined by
the input of the external device.

Affect word
Bootword | Boot word address Affect word
address memory memory
Starting Decoding Affect
address method word
Real address ¢~ + [t~ = Decoding
Offset

Figure 3. Indirect addressing workflow.
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The graphical simulation software provided by the FRTDS includes the graphical
modeling of simulation objects and instruction-level assignment of computing tasks. The
graphical modeling of the simulation object automatically provides the specific simulation
calculation process according to the characteristics of the electrical equipment and their
connection relationships. The instruction-level assignment of computing tasks automati-
cally generates a directed acyclic graph describing the dependencies of computing tasks
according to the positions of variables in the computing expression. For each single clock
cycle, the task with the least amount of time slack among the ready computing tasks is
found, and the cost to arrange it in every arithmetic component is calculated. Then, the
task is arranged in the arithmetic component with the least cost until all computing tasks
are scheduled, or the arithmetic component cannot take on more computing tasks.

3. Method of Replacing Inline Computation with Parameters Prestorage

Real-time simulations require the calculation time to be strictly synchronized with
real-time; therefore, the computing power per unit time of the simulation platform is
determined, so an algorithm with a small calculation amount must be selected to ensure
that the hardware has sufficient ability to complete the calculation task within the expected
time. Some calculation tasks can be calculated offline and then stored in the simulation
platform. As such, this method of replacing computation with storage reduces the amount
of calculation. Large-scale simulation objects are usually divided into multiple subnetworks,
and an upper-layer network can be created after the external equivalent circuit of each
subnetwork is obtained. After solving the upper-layer network, which has fewer nodes,
the input variables of each subnetwork port are obtained, and the internal subnetworks
are solved. Some calculation tasks during the equivalence and solution process of each
subnetwork are appropriate for being replaced with prestored parameters. A discrete linear
multiport network is equivalent to k Thevenin equivalent ports and m Norton equivalent
ports. The input variable of the Thevenin ports is the current vector i = [71 ... it]”, and
the input variable of the Norton equivalent ports is the current vector ug = [i1 ... im]T.
The equivalent voltage source vector Ueq and equivalent current source vector Ieq in the
external equivalent circuit of the subnetwork can be expressed as a linear combination of
the historical power vector [U}, I;;] and the independent power vector [U; Is] inside the
subnetwork. The solution formula is:

) =lon ml e ull ®
qu G, Hy| (I Gs Hs||I;
According to the network connection relationship, after simultaneously solving the

port input variables of each subnetwork, the x to be solved in each subnetwork can be
further solved as follows:

x=[A; A [;ﬂﬂzsl B,] {'}ﬂﬂcl G [Lzﬂ 2)

In formula (2) [A; Az] is the coefficient matrix associated with the input variables,
[B1 B,] is the coefficient matrix associated with the independent sources, and [C; C5] is the
coefficient matrix associated with the historical sources. K}, Ry, G, Hj,, K, Rs, Gs, and H,
in (1), and A1, Ay, By, By, C1, and C; in (2) are sets of known constants after the element
states within the subnetwork are determined, which can be precalculated and stored in
the hardware of the simulation platform. When calculating in each step, the prestored
coefficients are removed and used in the vector multiplication and addition operations of
Equations (1) and (2) to complete the equivalence and solution of the subnetwork. The state
variable method can also be used in the subnetwork equivalence and solution process. The
voltage at the port of the subnetwork is taken as the external input vector of the subnetwork,
the current at the port of the subnetwork is taken as the output vector of the subnetwork,
and the independent voltage source or current source inside the subnetwork is taken as
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the internal input vector of the subnetwork. Then, the state and output equations of the
subnetwork can be written as:

a.ca = A;x; + Byw,; + E;u 3)
ia - ngg + DaWa + Pau

where i is the current vector at the port of the subnetwork, u is the voltage vector at the
port of the subnetwork, s is the independent power vector inside the subnetwork, and x is
the state variable vector of the subnetwork. Use the implicit Euler method to differentiate
Equation (3); then, the following formula is derived:

Xa(t) = Alxa(t — At) + Biwg(t) + Exu(t) A
{iau) — Claa(t — AF) + Dievg (1) + Fyu(t) @

Equation (4) shows that the state variable and output vectors of the subnetwork at
time t can also be expressed as the linear combination of the state vector of the subnetwork
at time f — At, the independent power vector in the subnetwork at time ¢, and the voltage
vector at the port of the subnetwork at time ¢. Combining the first two terms of the right-
hand side of the output equation in Equation (4), the Norton equivalent circuit expression
of the subnetwork is obtained:

ia(t) = Pa(t) + Fyu(t) ©)

where P, (t) = Cyx,(t — At) + Djw,(t) is the same as the multiport equivalent method
based on a discrete network. The coefficient matrices A*, B*, C*, D*, E*, and F* are precal-
culated and stored in the simulation hardware, and in each step, the vector multiplication
and addition operations are performed according to Equations (4) and (5) to complete the
equivalence of the subnetwork and update the state variables.

4. P-FBSM Subnetwork Model

The MMC topology based on P-FBSM is shown in Figure 4. Each bridge arm of the
converter is composed of a bridge arm reactor Lg,, and N parallel full-bridge submodules
(PFBSM) connected in series. The upper and lower bridge arms of each phase form a
phase unit, and the MMC bridge arm is still a single-port structure by shorting the two
terminals of sub-modules at the head and end of the bridge arm. The P-FBSM is obtained by
symmetrically inverting the full-bridge submodule, which is a typical dual-port submodule.
The binary resistor is modeled, the capacitor is then differentiated by the Euler method,
and the accompanying PFBSM circuit shown in Figure 4 is obtained. Using a binary resistor
to model the entire switch group of the IGBT and diode in parallel with the PFBSM and
differentiating the capacitor by the implicit Euler method, the companion circuit shown
in Figure 4 can be obtained. For a submodule, the three conduction modes for the switch
groups on the left and right sides of the capacitor are: positive (G1, G2 on), negative (G3,
G4 on), and parallel (G1, G4 or G2, G3 on).

When simulating the MMC converter composed of a P-FBSM, if the node voltage
analysis is directly used to solve the problem, owing to the large number of neutron
modules in the bridge arm, the dimensions of the node voltage equation are large, which
makes it difficult to quickly solve the problem. Therefore, the bridge arm needs to be
divided into multiple subnetworks, and the method of replacing computation with storage
needs to be used to perform real-time simulation. The currently used external equivalent
circuit of the PFBSM subnetwork still has a dual-port structure, as shown in Figure 5. Each
subnetwork contains 1 submodules; tey1, Uex2, Uex1, and Uexy are the input voltages of the
subnetwork ports; G2, G13, G14, G23, Gp4, and Gz, are the six equivalent conductances in the
equivalent model; and [in1, [in2, Jin3, and Jina are equivalent current sources. The equivalent
current source vector J = [[in1 Jin2 Jin3 Jinal " can be obtained by the linear combination of
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the historical value of each capacitor voltage in the subnetwork according to coefficient

matrix C:
](t) = C4><n'uc(t - At) (6)
N ., X, X ., P &
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Figure 4. Topology of MMC based on P-FBSM.
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Two-port Equivalent Circuit
Figure 5. P-FBSM dual-port equivalent circuit.

By connecting the equivalent circuits of each subnetwork and eliminating the internal
nodes, the equivalent circuit of the entire bridge arm is obtained, then the node voltage
equation of the whole simulation object can be formed and solved. After finding the input
voltage at the interface of each subnetwork, the voltage of each capacitor in the subnetwork
can be calculated and updated. Each capacitor voltage can be expressed as the linear
combination of the voltage vector sex = [Uex1 Uex2 Uexl liex2]T and the historical value of
each capacitor voltage in the subnetwork:

Uc(t) = Anxn-tic(t — At) + Byyn-tex(t) (7)

The coefficient matrices Anxn, Baxn, Caxn and the six equivalent conductances of the
subnetwork in Equations (6) and (7) can be prestored. The coefficients in these matrices
are related to the conduction mode of the switch groups on the left and right sides of the
capacitor in each submodule. However, an analysis of the operation mode shows that if the
on-off of the IGBT is controlled by the control pulse during normal operation or if only the
on-off of the diode is controlled during the blockade of the whole station after startup or
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failure, only five connection modes will exist between two adjacent submodules, as shown
in Figure 6. The number of parameters that each subnet needs to prestore is:

Mem = 3% x 5" x (n* + 8n +6) (8)

Switch Group
between Capacitors

e
[

Positive Cascade Mode :Negative Cascade Mode:

Bypass Model Bypass Mode2 Parallel Mode

Figure 6. Connection (mode) of adjacent submodules.

The number of prestored parameters exponentially increases as the number of sub-
modules in the subnetwork increases. Practically applying these parameters in an FRTDS
without optimizing them is difficult. Given the parallel state of the newly added submod-
ules in PFBSM-MMC, the concept of a submodule segment was proposed [21], in which
the parallel submodule combination is regarded as a submodule segment. The segmented
structure of a bridge arm is shown in Figure 7a. The submodule segment in the bridge arm
has four different working states, as shown in Figure 7b: positive voltage input, negative
voltage input, and two bypass states. A single submodule is also regarded as a submodule
segment, and the number of submodules in the segment dynamically changes with the
control signal.

AL EHEL
bl

Larm UCEQIRCEQI Ucr\EozRCEQz UCEQnRCEQn N : +I_T_+I : : tL :. £L :
f) U — A L ---- ~ Tt © : _.L_T : : o—c:)——l— i L—o :
iy my My | _ _positive bypass _ || _ negative bypass _ !

(a) (b)

Figure 7. Submodule segment in PFBSM-MMC bridge arm: (a) segmented structure and equivalent
model of bridge arm; (b) four working states of the submodule segment.

By considering the submodule segment as a subnetwork, it is equivalent to a single-
port Thevenin circuit. Then, the entire bridge arm is composed of the Thevenin equivalent
circuits of n submodule segments in series. The resistance Rceq of a Thevenin equivalent
circuit is related to the working mode and length of the submodule segment. The voltage
source Uceq in a Thevenin equivalent circuit can be expressed as the linear combination of
the historical value of the capacitor voltage of each submodule in the segment:

uceq(t) = Crxtc(t — At) )
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The value of element ¢; in coefficient matrix Cj; of the historical capacitance voltage
is related to the working mode of the submodule segment, the length of the submodule
segment, and the position of the ith submodule in the segment. The Thevenin equivalent
circuit of the whole bridge arm can be obtained by summing the equivalent voltage source
and the equivalent resistance of each submodule segment in the bridge arm. Then, the
upper-layer network node equation of the whole system can be formed and solved. After
calculating the bridge arm current iy, it is regarded as the input variable of each sub-
network. The submodule capacitor voltage in each segment can be updated by the linear
combination of the current submodule capacitor voltage in each segment and iy

uc(t) = Alxl‘uc(t - At) + lel'iarm(t) (10)

The value of element 4;; in coefficient matrix A;; of the historical capacitance voltage
is determined by four factors: the working mode of the submodule segment, the length of
the submodule segment, the position of the ith submodule in the segment, and the position
of the jth submodule in the segment. The value of element b; in coefficient vector By of
the bridge arm current is determined by three factors: the working mode of the submodule
segment, the length of the submodule segment, and the position of the ith submodule in
the segment. When the length of the module group is [, A, Bix;, C1x1, and Reeq 0ccupy
412, 41,41, and 4 storage spaces, respectively, where [ ranges from 1 to the total number of
submodules in bridge arm m. When the submodule segment is used as the subnetwork,
the number of parameters that need to be prestored is:

4 26
Mem =37, (4% +41 +41 +4) = 2m’ + om’ + Zm (11)

At this point, the number of prestored subnetwork parameters quadratically increases
with the number of submodules in the subnetwork, which are substantially fewer compared
to the number of subnetwork parameters calculated according to Equation (3). However,
if the submodule segment is directly used as the subnetwork, the calculation process
changes after the segmentation situation changes, so the control instructions of the FRTDS
involve conditional branching. The submodule segmentation status is determined by the
control signal from the controller, and the user cannot obtain the segmentation status in
real-time, which prevents switching the control instructions in real-time. To ensure that the
instructions in FRTDS remain unchanged, only a fixed number of adjacent submodules in
the topology can be delineated as a subnetwork, as shown in Figure 8a. Depending on the
switch state, a subnetwork may contain several submodule segments or all submodules in
the subnetwork may be connected in parallel and belong to one submodule segment. The
parallel combination of submodules in the subnetwork, in addition to the four submodule
segment forms in Figure 7b, has five added forms, as shown in Figure 8b. The equivalent
circuit for the parallel combination of three-terminal submodules appears at the head
or end of the subnetwork. When all the submodules in the subnetwork are connected
in parallel, the entire subnetwork is a dual-port structure. The equivalent circuit for the
parallel combination of three-terminal submodules appearing at the head or end is shown
in Figure 9a. Combining the single-ended Thevenin equivalent circuit of the submodule
segment and the dual-port equivalent circuit of all submodules in parallel, the P-FBSM
subnet equivalent model, shown in Figure 9b, is finally obtained. When solving the model,
first, the values of each parameter in the figure are obtained by looking up the table or
calculating according to the current operation of the subnetwork, then internal nodes 5 and
6 can be eliminated; finally, the model is simultaneously solved with other subnetworks.
When the subnetwork does not contain a certain type of submodule parallel structure at
the current time, the unified model of six nodes remains unchanged, and the part of the
model that reflects the parallel combination of this type takes the maximum value of the
conductance and the minimum value of the resistance.
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Subnet(n Submodules)

of the subnetwork

a

(a)

Figure 8. Subnetwork divided by a fixed number of submodules: (a) connection of submodules in
the subnetwork; (b) added submodule parallel combination forms.

(b)

Figure 9. Equivalent model considering the parallel combination of submodules: (a) equiva-

lent circuit of three-terminal submodule parallel combination; (b) unified equivalent model of
PFBSM subnetworks.

The data storage capacity of the equivalent model in Figure 9b is the sum of the
prestored parameters in the case of a single-port Thevenin circuit, two three-terminal equiv-
alent circuits, and a dual-port equivalent circuit with all submodules connected in parallel.
The storage capacity of a single-port Thevenin circuit can be calculated by Equation (11).
For a subnetwork with n submodules, when all the submodules are connected in parallel,
the equivalent current sources Ji, J», J5, and J¢ are calculated by Equation (6), and the
voltage of each capacitor in the subnetwork is updated by Equation (7). When the number
of submodules in the subnetwork is determined, each element in the coefficient matrix
An x n, B4 x n, C4 « n, and the six equivalent conductances G1(G12), G13, G14, G23, Goa, and
Gg(Gag) in the subnetwork are all definite values; the storage capacity is n% + 8n + 6.

For a three-terminal structure, taking the head as an example, the update of the
capacitor voltage of the submodule in the parallel combination can be calculated by:

/ T / .
uc(t) = A uc(t—At)+ B, [t (Dtexa(t)] + Cpyqiarm (12)

which needs to store the historical capacitor voltage value coefficient matrix A;X ;» the port

input voltage coefficient matrix B;Xz, and the bridge-arm current coefficient matrix Cllxl.
The equivalent current source vector J = [J; J» J3] is obtained by the linear combination
of the capacitor voltages of the submodule in parallel combination, for which the voltage
coefficient matrix D;X ; and the three conductances Gy, G, and G3 need to be stored.
The value of [ may range from 1 to n, and two parallel combinations of submodules
corresponding to this model are possible. In summary, the total storage capacity of the
three terminals at the head is 21> + 7n? + 3/, and the total storage capacity of the three
terminals at the end is the same as that of the head end. The number of prestored parameters

required for the equivalent model of the six-node P-FBSM subnetwork is:
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Mem = (4n3 +6n% + 26n> +2x (2n3 +7n% + 37n> + (nz +8n + 6) S B, 1 (13)
3 3 3 3 3 3

When the total number of submodules in the bridge arm is N, suppose the subnet-

work contains n submodules, and the entire bridge arm is divided into N/n subnetworks.

The amount of calculation for elimination and back-substitution between two adjacent

subnetworks is fixed as Ej, which needs to be performed (N/n — 1) times. Inside the

P-FBSM model, each conductance value can be obtained by looking up the table. However,

the six equivalent injection current sources J1—J¢, the equivalent voltage source, and the

resistance of the single-port Thevenin equivalent circuit all need to be calculated according

to the prestored parameters. To ensure that the calculation formula remains unchanged

under the model’s various working states, the single-port Thevenin equivalent circuit part

of the model is obtained by adding the single-port Thevenin equivalent circuits to the n

submodule segments. Only when all the submodules in the subnetwork are connected in

series will n submodule segments be formed. In other cases, the number of submodules in

each segment is determined by the actual segmentation situation; then, the resistance of

the Thevenin equivalent circuit is obtained by looking up the table and the power supply

of the Thevenin equivalent circuit is calculated according to the prestored parameters.

The resistance of the Thevenin equivalent circuit in the nonexistent segment is set to the
minimum value of 10~7 Q. The calculation formula of this part of the model is:

n
Rceq =) Rceqz’
i=1

. (14)
Uceq = ‘21 Cu;(t — At)
i=
According to the two operational formulas of A x B+ C x Dand A + B+ C + D, the
calculation amount is determined. The calculation amount of Equation (13) is 0.75n. The
calculation formulas for the six equivalent injection current sources are the same:

n
Jn =) Dixi(t—At), h=1,2---6 (15)
i=1

The amount of calculation for Formula (14) is 3n, and the updated formula of the
internal capacitor voltage of the subnetwork is:

xi(8) =Y A7 % xi(t = Af) + B x s (1) + BU) X tesa (t) + B0 X ttens (1) (16)
B g (6) + BOAm™) X i (£), i=1,2,--- ,n

The amount of calculation of Formula (15) is approximately 0.57% + 3n. In addition to
the parameter calculation in the model, the subnetwork six-node model needs to eliminate
the two internal nodes, 5 and 6, with a fixed amount of calculation E;. In summary, the
total calculation amount for a bridge arm is:

Cal = (0.5n% + 6.751 + E;) x g + (% —1) x E; = N x (0.5n + ) +6.75N — E (17)

Ei+E
n

Equation (17) shows that when the number of submodules # in each subnetwork is
determined, the amount of calculation linearly increases with the total number of sub-
modules in the bridge arm. When the total number N of submodules in the bridge arm
is determined by taking the derivative of # in Formula (17), its value is smallest when
n = \/2(E1 + Ez). In actual simulations, a close integer number of submodules can be used
to divide the subnetwork of the bridge arm. After division, the number of prestored param-
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eters of the subnetwork needs to be calculated. If they cannot be stored, then the number of
submodules in the subnetwork should be reduced to the amount that can be stored.

5. Adaptive Transformation of FRTDS Platform

The original FRTDS is mainly oriented to traditional AC systems, and the amount of
calculation is mainly due to the formation and solution of the node voltage equation. The
data dependencies between the calculation tasks are complex, and the data flow is heavily
coupled. For example, when forming the injection current source for the node equation,
the injection current source of a node needs to sum the historical current sources on all its
related branches. When a node is eliminated, the self-admittance and mutual-admittance of
multiple adjacent nodes are affected. This results in the diverse arithmetic operations and
the data reading and writing processes being irregular when FRTDS performs simulation,
necessitating read-and-write address instructions and operation type selection instructions
at every moment to control the data flow and arithmetic operation selection. When using
FRTDS for PFBSM-MMC simulation, the unified subnetwork model proposed in Section 2
is used, in which the external equivalent and internal solutions of the bridge arm adopt
the matrix—vector multiplication operation. The execution process of this calculation is
shown in Figure 10. The data flow direction in the inner and outer loops is determined,
and only the fixed operation formula Y = 2(A x B + C x D) is executed. By storing the data
involved in the operation in the storage area in order, sequential reading and writing can
be achieved.

5 5 inner loop R
o """"ﬂ o
$ 3 | access Ajj | | access Ay | access Apy
2 $ [ [
o AW = ° | access By | | access B, | access B,
& 6 ' |
) = . . o= | execute A1 xB; | | execute ApXB, | | execute A,xB,
Equivalent [ R,. coefficient matrix X unit vector
stage V, &J~Js:Coefficient matrix x history variable %
Internal variable update: coefficient matrix x (history variable + input ;i
——
< EmiirErs
= A4 B+ A.B, + +A B ' '
Y1 1= 12772 1n"=n | access B | | access B, | access B,
V= A,B+ A,B,+ +4,,B, l | | l | |
o execute A, XB; execute A»*xB; execute A, XB,
yvi= AyB+ A,B,+ +4,,B, [> |
s oy J*
ym = AmlBl + AmZBZ + T +Aman

Figure 10. Computational features of matrix—vector multiplication.

The multiply accumulating operation used by matrix—vector multiplication accounts
for a large proportion of the whole calculation process, and a dedicated execution unit
was designed to perform this part of the calculation. The floating-point adder needs
five clock cycles to obtain the calculation result. To ensure the data input involved in
the accumulation is continuous, the floating-point number is converted into a fixed-point
number, and the fixed-point number adder is used to complete the accumulation calculation
in one clock cycle. The completion of each accumulation is determined by device S1 with
a 1-bit control signal. The dedicated execution unit does not need a select controller to
select the operation type of each clock. The instruction format used to drive the dedicated
execution unit to run is addr(A, B, C, D, Y) + ctrl. The input and output data are arranged
in an orderly manner according to the inner and outer loops, and the coefficient address
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continuously increases from the first address during the entire calculation process. In
the inner loop, the data address is continuously increased from the first address, and
the value is refetched from the first address after each inner loop. The output address
is increased from the first address after each inner loop; the control command outputs
1 in the inner loop and 0 after each inner loop completes. Therefore, the instruction
storage area dedicated for executing unit instruction can store only one start instruction,
start(AS,BS,CS,DS,YS) +m,n; that is, the start address of each port and the number of inner
loops n and the number of outer loops m. When the coefficients involved in matrix—vector
multiplication are multivalued parameters, each instruction only needs to calculate the
offset once. An instruction loop unit, shown in Figure 11, was designed to generate the
instructions required in the calculation process of the dedicated execution unit. The +1 and
—1 operations in the instruction loop unit consume one clock; thus, a delay of one clock
needs to be set for the data selected in synchronization. Channels A and C are coefficient
channels, and channels B and D are data channels. The instruction loop unit reduces the
storage resource consumption of the instruction storage area of the dedicated execution
unit, leaving FRTDS more storage resources for prestored parameters. When forming the
microprocessor core, several universal arithmetic components are replaced with dedicated
execution units, thereby reducing the resource consumption of each microprocessor core
and enabling more microprocessor cores to be placed in the FPGA. The computing tasks
performed by the general-purpose computing components and the dedicated execution
units in the same microprocessor core still communicate in a shared memory manner. The
group of multiply accumulating operations is not split and is handled by a dedicated
execution unit, which does not involve inter-core communication. After the calculation of
each step starts, according to all the switch states of the current bridge arm, combined with
the current direction of the bridge arm, the parallel combination mode of every submodule
segment in each subnetwork and the number of submodules in the segment are determined.

Instruction Start Register Stack

I I
I I
I cs | Bs | ps | vs [n[m !
| .
I I
! en 4= :
! en}
| [en} &0 _ 1 |
' [en} I '
| =0 >0 :
I .
! en. Instruction !
I n I
I Loop :
|
I Ny, . I
I < Unit I
I - I
I Dedicated :
: Instruction |
! Memory |
| Area :
I
I I
I I
I I
: Rd_data |
Y _addr
Address Translation |

____________________________________________ .
I A 3 :
| e _ B Xp F‘tgat X Fix || 8 . Dedicated |
' g gl M pix 1+ o |- Z 3.| Execution |
: 2alp o 3 5 0 ) Float S B |
| ] 3 T 5 Q Units !
L

Figure 11. Structure of dedicated execution units and instruction loop unit.
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6. Example Verification
6.1. Simulation Platform

FRTDS uses the Virtex-7 FPGA VC709 as the development board for the solver, and
the FPGA chip on the board is XC7VX690T-2FFG1761. The chip contains 693,120 logic units,
108,300 configurable logic modules, 3600 DSP slices, and 1470 36KB dual-port BRAMs.
The original FRTDS contains four universal arithmetic components in each microprocessor
core. The newly designed FRTDS replaces two universal arithmetic components in each
computing core with dedicated execution units. Table 1 shows the resources consumed
by placing different numbers of microprocessor cores in the FRTDS in VC709. Limited
by the configurable logic block (CLB), the original scheme only holds five microprocessor
cores at most. The new design scheme has six microprocessor cores. Because the dedicated
execution unit consumes less instruction storage space, in the new design scheme, the
storage resources used for instruction storage in the original design can be saved for storing
the parameters by replacing online computation with parameter prestorage. Finally, we
designed the FRTDS according to the new design scheme with six microprocessor cores,
working at a clock frequency of 150 MHz, and each microprocessor core is able to store
8000 prestored parameters in the form of double-precision floating points.

Table 1. Resource consumption of the improved FRTDS design.

Resource Consumption

Number of
Microprocessing CLB DSP
Cores . . .. RAM
New FRTDS Original FRTDS New FRTDS Original FRTDS
3 42.63% 51.25% 18.7% 25.86% 50.03%
4 53.83% 70.94% 24.56% 34.11% 64.18%
5 67.14% 92.62% 30.42% 42.36% 78.35%
6 84.6% / 36.28% / 92.53%

The graphical simulation software and task scheduling software are developed by
the QT C++ platform. The graphical modeling of the simulation object automatically
provides the specific simulation calculation process according to the characteristics of the
electrical equipment and their connection relationships. The instruction-level assignment
of computing tasks automatically generates a directed acyclic graph (DAG) describing the
dependencies of computing tasks according to the positions of variables in the computing
expression. The task scheduling software schedules the DAG graph to get an instruction
stream, which can be stored or downloaded to FRTDS by the upper computer. FRTDS
performs the corresponding operations according to each instruction to complete the
simulation calculation. We connected the designed FRTDS to the digital relay protection
device through a common ethernet switch to form a hardware-in-loop real-time simulation
platform, as shown in Figure 12. We adopted the UDP communication protocol between the
FRTDS and the upper computer responsible for command download and system operation
monitoring, and we used the IEC61850 protocol to connect the real digital protection device.
In particular, the IP address of FRTDS and the upper computer should be set on the same
LAN. The message analyzer communicated with the FRTDS using SV messages and is able
to draw and display real-time simulation waveforms. For another development board,
VC707, we simulated the control system of the flexible DC transmission system to control
the Aurora protocol of Xilinx Company between the controller and the FRTDS instead of
the real controller.
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Figure 12. Hardware-in-loop system based on FRTDS.

6.2. Simulation Objects and Results

As the simulation object, we adopted the double-terminal MMC-HVDC system shown
in Figure 13, where the AC grid voltage was 230 kV, and the DC bus voltage was 400 kV.
The topology of the converter submodule was P-FBSM, in which each bridge arm contained
80 submodules, the submodule capacitance was 2 mF, the bridge arm reactor was 50 mH,
and the converter capacity was 350 MVA. For the inverter-side MMC1, we adopted the
control mode of fixed active power and fixed reactive power; for the rectifier-side MMC2,
we adopted the control mode of fixed DC voltage and fixed reactive power and adopted the
previously described low-switching-frequency modulation strategy [22]. The simulation
step was set to 10 ps. If using the previously proposed calculation method of eliminating the
internal nodes of all dual-port submodules in the MMC bridge arm and the interconnection
nodes between modules in cyclic iteration [11], the calculation of one step would cost 64.8 ps,
which is insulfficient for real-time simulation. In the newly designed FRTDS, the calculation
amount E1 of elimination and back-substitution between subnetworks is 38 unit quantity,
and the calculation amount E2 of eliminating nodes 5 and 6 in the six-node subnetwork
model is 16 unit quantity. Therefore, we divided the bridge arm into subnetworks, with
each subnetwork containing 10 submodules. According to Equation (13), the number of
parameters that the subnetwork needed to prestore was 5186, and the FRTDS was capable
of storing these prestored parameters. After the subnetwork was divided, we used the
unified model of the 6-node PFBSM subnetwork and performed the real-time simulation in
FRTDS with a step of 9.62 us using the method of replacing inline computation with the
parameters’ prestorage. We built the same simulation object using MATLAB/Simulink, and
we compared the offline running results with the real-time calculation results produced
by FRTDS:

MMCI1 MMC2
DC Line PCC2
] K| DC A e
Fault
- D
AC2

Figure 13. Double-ended MMC-HVDC system.

(1) Trouble-free operation

Figure 14a—d shows the A-phase AC current I5, on the inverter side, the DC-side
voltage Uy, the capacitor current I of the No. 1 submodule on the upper bridge arm of the
rectifier side in A phase, and the capacitor voltage of each submodule of the upper bridge
arm in A phase when the MMC-HVDC system operates in a steady-state, respectively.
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Figure 14a—c shows that when the MMC simulation system ran without fault, the simulation
waveform in FRTDS using the proposed modeling method had a high degree of coincidence
with the simulation waveform in the detailed model in MATLAB. The error was mainly
reflected in the high-frequency irregular burrs, and the maximum relative error was about
0.89% in the DC-side voltage. The result verified that the simulation accuracy of the
proposed modeling method is high. From the waveform of the bridge arm capacitor voltage
of the FRTDS shown in Figure 14d, we found that the capacitor voltage was balanced over
time, and some capacitors had equal voltage at some moments, which demonstrated the
parallel voltage equalization characteristics of P-FBSM.

— 500
600 MATLAB —MATLAB
—FRTDS RTDS
400+ 400 =
20 53000 | 40
< <
g 0 = 400
- =200t
2200} 398
100+
400l 1214 1215 1216 1217
_600 L 1 1 1 1 1 J 0 1 1 1 1 1 1 J
116 118 12 ., 122 124 126 128 116 LI8 12 122 124 126 128
t/s t/s
(a) (b)
600L —MATLAB 65007
—FRTDS coool
400}
5500|
200 5000
.. 5000}
g S
R = 4500
2200+ 4000 |
400+ 3500
3000 ; - : )
600 — ‘ : : : ‘ ‘
L6 11§ 12 122 124 126 128 h21 122 123 124 125
(0) (d)

Figure 14. Steady-state operation waveform of the MMC simulation system: (a) A-phase AC current
waveform of inverter side; (b) DC-side voltage waveform; (c) waveform of the capacitor current of
the upper bridge arm in phase A on the rectifier side; (d) capacitor voltage of the upper bridge arm in
phase A on the rectifier side.

(2) DC bipolar fault

We set a DC bipolar short-circuit fault at t = 1.295 s, the whole station was blocked
5 ms after the fault occurred, which unblocked at t = 1.365 s. Figure 15a—d shows the
AC current I, of the inverter side in phase A under the fault, the capacitor voltage U, of
the first submodule of the upper bridge arm in phase A on the rectifier side, the DC-side
voltage Ug., and the DC side current I4.. Figure 15 shows that the simulation accuracy of
FRTDS was still high during the bipolar fault occurrence in the MMC simulation system
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before and after the blocking, and the maximum relative error was about 1.09% on the
DC-side voltage.

1500 ¢ —
—MATLAB 7000 TNATLAB
—FRTDS
1000 6000}
< S0 5000
!\G Q
S ol 24000/
3000
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3 3
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1.2 1.25 1.3 1.35 1.4 1.45 Us
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Figure 15. Bipolar fault transient waveform diagram of the MMC simulation system: (a) A-phase
AC current waveform of the inverter side; (b) waveform diagram of the capacitor voltage of the
upper bridge arm of phase A on the rectifier side; (c) DC-side voltage waveform; (d) DC-side
current waveform.

7. Conclusions

(1) We found that the proposed unified equivalent model of the P-FBSM subnetwork,
after analyzing the working mechanism of the submodules, requires less computation by
replacing inline computation with parameter prestorage and reduces the storage capacity
required for prestored parameters, making it suitable for application in FRTDS.

(2) After dividing the subnetwork by a fixed number of submodules, we found a
relationship between the amount of simulation calculation and the number of submodules
in the subnetwork. Accordingly, the subnetwork division method with the least amount of
calculation could be determined.

(3) After improving the structure of the computing components, we found that the
FRTDS real-time simulation platform has improved resource use, requires less storage
space for prestored parameters, and is more suitable for real-time simulations of dual-port
submodule MMC-HVDC systems by replacing inline computation with the prestorage
of parameters.

When subnetwork multivalued parameters are prestored, for the convenience of hard-
ware query design, the current method does not consider the problem where different
prestored parameters may have the same value. In future research, the amounts of com-
putation and storage should be further optimized, a matching multivalued parameters
query circuit should be designed in FRTDS, and the improved method and platform should
be applied to the real-time simulation of MMC-HVDC using other types of dual-port
submodule topologies.
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