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ABSTRACT HVDC projects and renewable energy sources are increasingly being integrated into traditional
AC grids, forming a more complex and yet sustainable power system. This paper focuses on the comprehen-
sive electromagnetic transient (EMT) simulation of an AC/DC grid, which is composed of CIGRE dc grid
test system, IEEE 39-bus AC system, and wind farms. The AC/DC converters are composed by different
topologies of voltage source converters, including modular multilevel converters (MMCs), three-level neutral-
point-clamped converters, and two-level converters. Piecewise polynomial curve fitting is proposed to the
insulated gate bipolar transistor modules in the MMC. Furthermore, hybrid modeling schemes are proposed
with different levels of complexity on the AC/DC grid to obtain accurate and efficient EMT simulation on
PSCAD/EMTDC®. Three-zone partition schemes based on distance, node number, and network coupling
are also proposed and compared. The performance of the proposed schemes is presented and verified with a
DC fault case study.

INDEX TERMS  Electromagnetic transient simulation, HVDC grid, hybrid modeling, insulated gate bipolar

transistor (IGBT), modular multilevel converter (MMC), wind farm.

. INTRODUCTION

VDC transmission has the advantage of low energy

loss, low overall investment, greater controllability,
high capacity long distance power transmission capability
for the future power grid upgrading [1]-[7]. Many multi-
terminal HVDC projects can be further connected either
by DC/DC converters or AC systems creating a meshed
DC grid. The DC transmission system offers an efficient solu-
tion to transfer the energy from the remote off-shore renew-
able sources to the conventional AC grid, which composes
the modern AC/DC grid. The complexity of the large-scale
AC/DC system makes the control and protection a signifi-
cant challenge to ensure the steady-state and safe operation
under different contingencies, such as DC and AC faults.
Detailed electromagnetic transient simulation is necessary to
study and analyze the transient phenomena of the AC/DC
system [8]-[13].

This paper is focused on the efficient and accurate
electromagnetic transient simulation of a complex AC/DC
transmission system on PSCAD/EMTDC®. The proposed
AC/DC grid integrates the CIGRE DC grid test system, IEEE
39-bus system, and wind farms, as shown in Fig. 1 [2], [14].
The DC grid is specifically focused on in this work, which
employs various converter topologies including modular
multilevel converter (MMC), 3-level neutral-point-clamped
(BL-NPC) converter, 2-level (2L) converter, and four-
quadrant DC/DC converter.

Among the different converter topologies, the MMC has
the advantages of low switching frequency, low harmonics,
and high modularity, which is also challenging for elec-
tromagnetic transient simulation due to the complex circuit
topology [9], [15], [16]. Thévenin equivalence scheme is
often used for MMC modeling to reduce the number of
electrical nodes [17]. Instead of using the two-state resistor
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FIGURE 1. Topology of the AC/DC grid.

for IGBT module modeling, this work proposes the piece-
wise polynomial curve fitting modeling method for the IGBT
module in the MMC sub-modules (SMs) to increase the
simulation accuracy.

The computation effort for EMT simulation can increase
significantly with the scale of the AC/DC grid. Model reduc-
tion or model equivalence is often adopted to decrease the
calculation time for a large system. For instance, average
value model and switching function model can be used to
model AC/DC converters instead of using discrete switching
devices [2], [18].

In this work, a hybrid modeling scheme is applied to the
system, which is defined as utilizing multiple model com-
plexities of the converters and other elements at different
locations in the EMT-type simulation for the purpose of
obtaining optimal performance of both accuracy and simu-
lation speed. The most detailed model is used for the most
interesting component or area. Two criteria of zone division
are defined. The system can be partitioned into study zone
and external zone based on the simulation purpose. The study
zone contains the nodes and components where the transient
event happens or detailed observation is required, and the
external zone contains the rest of the components. The system
can also be partitioned into a detailed zone, accurate zone, and
averaged zone based on the model complexity. For a specific
circuit and simulation purpose, the study zone is given, for
instance, the fault location, the location of the controller and
protection relay requiring parameter tuning. It can be chal-
lenging to determine the zones of different model complexity
to achieve optimal performance of efficiency and accuracy.
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CIGRE DC grid test system Wind farm

This work proposes three zone partition schemes based on
distance, node number, and network coupling with result
comparison. The circuit topology reduction is not applied in
this work to ensure the flexibility of changing the study zone.
By changing the model complexity, the components at any
location can be included in the study zone.

The major contribution of this work is the proposed MMC
modeling method, the detailed electromagnetic simulation of
the complex AC/DC grid, and the zone partition schemes
using different converter model complexities. A matrix map-
ping scheme is proposed in this work to illustrate the zone
partitioning. The paper is organized as follows: Section II
presents the description of the AC/DC grid and the modeling
schemes for various components; Section III discusses the
zone partition schemes; Section IV presents the case stud-
ies and the simulation results, followed by the conclusions
in Section V.

Il. AC/DC GRID DESCRIPTION AND HYBRID MODELING
As shown in Fig. 1, the AC/DC grid is composed of onshore
IEEE 39-bus system, the offshore wind farms and the CIGRE
DC grid test system, which emulates a modern transmission
system efficiently integrating renewable energy sources. The
CIGRE DC grid, which contains 3 DC transmission systems,
was designed by CIGRE working groups as a common refer-
ence for DC grid study [2]. In the original report, MMCs are
used for all the AC/DC converters with averaged model [2].
In this work, hybrid converter topologies, including MMC,
3L-NPC converter, and 2L converter, are adopted with
the topologies shown in Fig. 2(a)-2(c), for the purpose of
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presenting a more variant and realistic test scenario. Four-
quadrant DC/DC converter is applied for Station Cd-Bl
[Fig. 2(d)], while two-quadrant DC/DC converter is used for
Station Cd-El [right side or left side of Fig. 2 (d)]. For
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FIGURE 2. Topologies of converter: (a) modular multilevel
converter, (b) three-level neutral-point-clamped converters,
(c) two-level converter, and (d) four-quadrant DC/DC converter.

convenience, 60 Hz is used for all the AC transmission sys-
tems, although the AC system frequency connecting the wind
farms can be different. The control diagram of the AC/DC
converter is shown in Fig. 3, which is composed of outer
loop control, inner current loop control, and the pulse width
modulation (PWM) generator. The voltage droop control is
added to regulate the DC voltage for power sharing. For
MMC, phase disposition method is used for capacitor voltage
balancing, which is equivalent as staircase modulation for
high-level MMC [19].

The electromagnetic transient simulation is conducted for
the proposed AC/DC grid with hybrid modeling complexity.
Among various components, the converters, especially the
MMC s, in the DC grid are specifically focused on for accurate
modeling in this work. The proposed piecewise polynomial
curve fitting method for MMC modeling is described in
detail, while different types of models for converters and
other elements are briefly reviewed.

A. PROPOSED MODELING SCHEME FOR MMC

The topology and the circuit model of a half-bridge MMC
SM are shown in Fig. 4(a) and 4(b). Each IGBT module,
containing an IGBT and an anti-parallel connected diode, is
modeled by series connected nonlinear resistor and voltage
source representing the slope resistance r,, and the threshold
voltage v, in this work to increase the modeling accuracy
compared with the two-state resistor model conventionally
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applied for Thévenin equivalence based MMC model. The
leakage resistance R4k is added in parallel with the capacitor,
modeled with series connected equivalent resistor R, and his-
tory term vi5", Fig. 4(d) shows the output characteristics of
the IGBT and diode from the manufacturer’s datasheet [20].

This paper proposes the scheme of applying multiple poly-
nomial functions to fit the highly nonlinear characteristics,
as the following equations:

v(i) =Y ani" e
dv S
Ton = E’ Von = V(i) — Foni. 2)

The entire v-i curve is divided into three sections. Section I
is the region where current is very small and grows exponen-
tially with the increase of the voltage. The current in Section I
has little impact on the system simulation and is normally
not presented in the datasheet. Therefore a large constant
resistance is used to model this region. Section II is modeled
with a third order polynomial function for the nonlinear
characteristics. Higher orders can obtain extra accuracy, how-
ever, with the cost of extra computation burden. When the
current increases, the resistive relation dominates; therefore,
Section III is modeled with a first-order equation. More
sections can also be applied to improve the fitting accu-
racy and can ease the issue of discontinuity of the section
boundaries. Since the SM current is the same in one arm, the
additional calculation time for the nonlinear resistance and
voltage sources is small and does not increase with the SM
numbers. The fitted parameters of polynomial functions for
the IGBT and diode characteristics and their corresponding
fitting errors are listed in Table 1.

The exact resistances and voltage source values of the
upper and lower IGBT modules (7, vi, r2, and v») are deter-
mined based on the gating signals and the direction of the
SM current ig,,. Thévenin equivalence is then applied for node
elimination, given as follows:

Vem(t) = Fsmism(t) + ngl;SI(t — Ap) 3)

where

((Re + Riear)r1 + ReRjeai )12
Fom = and  (4)
(Rc‘+ Rieak)(r1 + 12) + ReRieak
V(1 = A1) =1 =v2)(Rieak +Re)r

(Re + Rieai)(r1 + 12) + ReRjeak

Vst (¢t Ap) =

V2.
)

Then the SM equivalent resistor rg, and history term
Vst of the same arm are summed to form the interface
for the system-level circuit. With the proposed model, the
detailed waveforms of both the capacitors and individual
IGBT modules can be presented accurately as well as the
conduction power losses of switches. Because the datasheet
only provides the current range of normal operation, the
curve fitting may not be accurate if an extreme large current

goes through the device. In this work, the proposed model is
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FIGURE 4. SM modeling scheme: (a) half-bridge structure,
(b) circuit model, (c) Thévenin equivalence model, and
(d) output and forward characteristics of IGBT and diode.

realized by designing user-defined module with Fortran code
in PSCAD/EMTDC®.

B. TWO-STATE RESISTOR MODEL

The two-state resistor model uses a resistor with two dis-
tinct values to present the switching state, which are a small
value for on-state and a large value for off-state. This model
is a simple type of discrete switch model, while it cannot
represent the detailed and accurate characteristics of IGBT
modules.

C. SWITCHING FUNCTION MODEL
The switching function model uses the voltage sources
at AC side and the current source at DC side, with the
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waveforms controlled by the IGBT gate pulses, DC side volt-
age and AC currents. The circuit topology is similar for vari-
ous converter types, except for the additional arm inductors in
MMC. For the MMC, the switching function model can not
be used to verify the capacitor voltage balancing algorithm,
since the voltages are assumed to be the same. Since the value
of the equivalent voltage source and the current source is
based on the data of last time-step, errors and even oscillation
may occur, which can also happen for the average value
model.

D. AVERAGE VALUE MIODEL

The average value model uses similar topology as the switch-
ing function model, except using the fundamental frequency
waveform instead of switching function waveforms. For
different converter topologies, the harmonics induced by
switched waveform are ignored. Therefore, this model cannot
effectively differentiate multiple converter topologies and can
not be used to analyze the converter harmonics. For the MMC,
especially with high levels, the system-level waveforms will
not seem very different compared with the other detailed
modeling schemes during steady-state operation. When using
averaged model, the PWM control is not necessary and
can be neglected, which saves the computation effort for
controllers.

E. WIND FARM

The wind farm by itself can be a complex system, which
may involve hundreds of generation units. The fixed-speed
wind generator is used in this work, composed of the wind
turbine, drive train, induction machine, pitch angle controller,
compensating capacitor, and step-up transformer [14]. A con-
trolled current source is connected in parallel with the single
wind turbine modeled in detail, which has the value of n-1
(n is the number of the wind generators in a wind farm)
times the current going through the single unit. In this way,
the wind farm can be represented by the duplication of a
single generation unit. If the wind farm is not the object of
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TABLE 1. Fitted parameters of polynomial functions for IGBT and diode characteristics.

. Section IT Section III
Device
as a al | ap | error ail | an | error
IGBT 19.332 | -19.501 11.118 1.069 1.50% | 4.787 1.720 | 0.16%
Diode 25.950 | -25.319 10.743 | 0.598 | 2.48% | 2.292 | 1.675 | 0.36%

interest, it can be simplified to be a single induction machine
or even an equivalent voltage source in series with impedance.
Alternately, more detailed and complex wind turbine models,
such as variable-speed wind generator based on doubly-fed
induction machine and the corresponding converters, can also
be included.

F. TRANSMISSION LINE/CABLE AND OTHER ELEMENTS
The major transmission line and cable models include fre-
quency dependent model, Bergeron model (traveling wave
model), and PI section model (at fundamental frequency),
etc. The first two types are distributed model, while the
third one is a lumped model. The distributed model presents
the delay property of traveling waves, which can be used
to effectively and conveniently decompose the entire circuit
topology into multiple sub-systems. The PI section model
has a straightforward topology with few data input; however,
it cannot decompose the system topology, and can consume
longer computation time for a large system. For DC trans-
mission line, high frequency harmonics induced by converter
switching can be significant instead of the fundamental fre-
quency of AC system. Therefore, the Bergeron model is not
sufficient and accurate for DC transmission line system even
under steady-state operation. The system also contains other
elements, such as transformers, synchronous generators, etc.
The AC system model can be made more complex by includ-
ing the nonlinearities, such as the saturation and hysteresis of
transformers.

The judgment of the accuracy and efficiency of a cer-
tain model is highly dependent on the application. The
major focus of this work is the AC/DC converter modeling
with multiple topologies and different modeling complex-
ity. In this work, other elements are considered as control
variables, and use fixed and feasible modeling schemes.
Since this work adopts relatively simple topology of DC/DC
converters, the DC/DC converters use discrete switches for
modeling without further simplification. In the IEEE 39-bus
system, the Bergeron model is used for AC transmission lines,
since only the impedance of system frequency is provided,
and the voltage source in series with impedance is used to
represent the generators. Frequency dependent modeling is
applied to the DC transmission lines and cables.

lll. GRID PARTITION SCHEMES

To optimize the accuracy and efficiency of the electromag-
netic simulation of large AC/DC grid, the converter modeling
of multiple complexities is applied for different zones. This
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section describes three partition schemes based on distance,
node number, and network coupling. In addition to the appli-
cation in this work, the circuit partitioning schemes has wide
applications, such as the hybrid simulation of transient stabil-
ity and electromagnetic transient simulation, and node tearing
for parallel calculation.

A. DISTANCE

The modeling scheme can be simpler if the distance is far
from the center of the study zone, which can be a single node
or multiple nodes. The scheme is based on the assumption
that the longer distance of transmission lines can have larger
impedance and need longer latencies for the traveling waves,
and the components at remote locations can have minor and
delayed effect on the electromagnetic transients. This scheme
is straightforward, and has most clear and certain criteria for
partitioning. It is particularly useful when the circuit topology
is similar to the tree structure without forming loops at remote
end as shown in Fig. 5(a), which is common for a distribu-
tion network. A case disobeying this scenario could be the

Remote

Zone 1 130519
e 4 ~\‘
r [}
H
¥

Zone I1

Study
Zone

/" Cut set
(b)

FIGURE 5. Circuit topology: (a) tree structure and (b) mesh
structure.

existence of a remote electrical bus which has multiple paths
connecting to the study zone as shown in Fig. 5(b), which is
common in a transmission network. This remote bus will be
partitioned into the accurate or averaged zone by the scheme
based on distance; however, it has significant influence to
the study zone. This drawback can also happen on the node
number based scheme.

B. NODE NUMBER

The electrical nodes between the converter location and the
center of study zone can be another significant indicator for
zone partition. Simpler models can be used for the converters
when the electrical node number is large. Actually, the node
number shall refer to the one existing in the matrix equation
instead of the circuit topology. The determination of exact
node numbers can be challenging, which requires detailed
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knowledge of modeling scheme and solution algorithm of a
specific EMT software. The node elimination scheme for a
certain element or a group of elements can be different for
various programs. For simplicity and certainty, the electrical
nodes in this work refer to the ones existing in the circuit
topology, which are the AC and DC buses in the case study.
A matrix mapping method is proposed to illustrate the con-
cept of node number partitioning, which is similar to the pro-
cedure of constructing the conductance matrix. The diagonal
element, which is a cross, stands for the circuit node or bus in
the circuit topology. Whenever a connection exists between
two nodes, crosses are symmetrically placed at the intersec-
tion of corresponding rows and columns of the two nodes.
The dashed line, which must go through the off-diagonal
cross, as shown in Fig. 6, is a connection between the two
buses. The node number is the minimum off-diagonal crosses

X‘ .......... ‘.X X K External X

T X ] T X connection to

C ! C Node C

A X&nX Xes X
Diagonal '
elements B X H X

Xel X X X /X . X

Weighting A (no£ or X Interna ? X
value node group) connection of ~ Connection| A

— Zone A-B of node A -

()

FIGURE 6. Matrix mapping scheme: (a) node number illustration
and (b) connection layer illustration.

for all possible routes between two nodes. For example, the
node number between Node A and Node B is 1, while the
node number between Node B and Node C is 2. The node
number can be determined from either the circuit topology or
the proposed matrix mapping. The elements in a conductance
matrix stand for the conductances connecting to a node, while
the cross in the matrix mapping may represent a group of
nodes or elements for the purpose of presenting the connectiv-
ity or coupling relation of a circuit topology. The off-diagonal
elements can be later replaced by other meaningful values to
represent the connectivity.

C. NETWORK COUPLING

Network coupling refers to the coupling strength between
components or sub-networks. If multiple paths exist between
two components, they are considered strongly coupled.
In many cases, the coupling of the electromagnetic field
is much weaker than direct galvanic connection. Galvanic
isolation can be a criterion for zone partition. Especially
under contingency conditions, the fault may have a signif-
icant impact on the area without galvanic isolation though
far from the study zone. The nominal power flow and short
circuit capacity is another factor. With large power flows
between two networks, the coupling strength is considered
strong. The partition process is to apply a cut set for the
circuit topology. A weighting function can be applied for each
branch, considering the above aspects, including galvanic
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isolation, power flow, etc. In addition, the size of each zone
can be applied as the constraint to determine the cut set. More
future research work is needed to determine the appropriate
weighting function and the corresponding coefficients. The
process can also be interpreted as the matrix mapping scheme.
As shown in the Fig. 6(b), The top layer, which covers the row
and column of Node A, indicates the connections of Node A;
the middle layer indicates the internal connections of the
zone composed of Nodes A and B; the bottom layer indicates
the external connections of Zone A-B. The weighting value
can replace the off-diagonal crosses. Finding minimum total
coupling strength is equivalent to finding the zone with the
minimum sum of the weighting values located in the bottom
layer. It is noted that the matrix mapping does not necessarily
give a more intuitive solution than the circuit topology graph,
while it offers a different perspective to observe the circuit.

In this work, the DC grid is composed of three DC systems.
There are limited connections between the DC systems,
and the DC/DC station does not provide galvanic isolation.
Therefore the coupling between DC Systems 3 and 2 is
deemed stronger than the coupling between DC Systems 3
and 1. This work uses the naturally existed partitioning of the
three DC systems in the CIGRE DC grid, while the above-
mentioned schemes can be developed for a more general
circuit in future work.

IV. CASE STUDIES AND SIMULATION RESULTS

This section presents the simulation results of various tests
and case studies, to verify the proposed MMC modeling
scheme, compare the converter modeling of different com-
plexities, and illustrate the hybrid modeling schemes, in the
following three sub-sections, respectively. The CIGRE DC
grid test system is used for the first two sub-sections, while,
for the third sub-section, the complete AC/DC grid is utilized.

A. VERIFICATION OF PROPOSED MMC

MODELING SCHEME

Fig. 7 compares the simulation results between the proposed
piecewise polynomial curve fitting scheme and the two-state
resistor model for MMC. Pole-to-pole DC fault with the fault
resistance of 0.1€2 occurs at the DC bus Bd-D1 from 1.2s
lasting for 0.05s, and the MMC Station Cb-D1 is chosen
for observation. Except for the difference of MMC modeling
schemes, the remainder converter topologies all use discrete
switches. It is observed that the differences of capacitor volt-
ages and AC currents of the two models are significant at
the beginning of the fault and then become smaller after few
hundreds of milliseconds, as shown in Fig. 7 (a) and (b).
The differences of DC current and DC voltage are much
smaller compared with capacitor voltages. In other words,
the steady-state results are very close to each other for the
two models, while the transient waveforms can be different.
This is due to the difference of IGBT module parameters,
including the slope resistance and threshold voltage. The two-
state resistor model does not consider the threshold voltage
and uses idealized resistances for IGBT modules, which are
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FIGURE 7. Comparative results between the proposed model and
the two-state resistor model of MMC at Station Cb-D1:

(a) capacitor voltages of the first SM in the upper and lower
arms of phase-a, (b) AC current, and (c) DC voltage and

DC current.

very large value for turn-off state and very small value for
turn-on state. In contrast, the proposed model uses accurate
curve fitting for the IGBT and diode characteristics from
the manufacturer’s datasheet. When the DC fault occurs, the
current can be multiples of the steady-state value, which
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makes the IGBT module characteristics more significant for
simulation accuracy. The parameter influence is larger for the
waveforms of a single device or sub-module, compared with
converter-level or system-level waveforms.

Both models have sufficient accuracy for system-level
study and can monitor the sub-module capacitor voltage,
while the proposed model can provide switching device
level waveforms, such as the conduction losses, dynamically
changing r,, and v,, for the IGBT modules as shown in
Fig. 8. The power losses during the fault transient and steady-
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FIGURE 8. Switching device level waveforms in the first
sub-module of upper arm of phase-a: (a) power losses of upper
and lower IGBT modules and (b) ron and von of lower IGBT
module.

state are presented. During the fault, the instantaneous power
losses can reach up to around 450 kW, which may damage the
devices. Note that the performance of the protection devices,
such as breakers, by-pass switches, are not included in the
simulation, which can limit the over current and protect the
devices effectively. Fig. 8(b) shows the dynamic change of
ron and v,, according to the gate pulses and the SM current.
When the IGBT module is turned off, the resistor value
is IMS2, which can not fit in Fig. 8(b). When the fault
happens, the current is located in Section III of Fig. 4(d),
which makes the r,, and v,, unchanged for the correspond-
ing period.

B. COMPARISON OF VARIOUS CONVERTER

MODELING COMPLEXITIES

In this sub-section, the proposed model (discrete switches

applied for 2L and 3L-NPC converter modeling), two-state
resistor model (discrete switches applied for 2L and 3L-NPC

VOLUME 4, NO. 3, SEPTEMBER 2017



Shen and Dinavahi: Comprehensive EMT Simulation of AC/DC Grid

converter modeling), switching function model, and average
value model are used for the converters in CIGRE DC grid
test system. The test condition is the same as in the previous
sub-section, which is the pole-to-pole DC fault at Bus Bb-D1
from 1.2s. The comparison of results of DC voltage and
DC current at multiple converter stations are presented in
Fig. 9, and the following phenomena can be observed.

Proposed model Switching function model
————— Two-state resistor model --------- Average value model
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FIGURE 9. Comparative results of using different model
complexities: (a) DC voltage and DC current at Station Cb-D1,
(b) DC voltage and DC current at Station Cm-C1, (c) DC voltage
and DC current at Station Cm-B2, and (d) DC voltage and DC
current at Station Cb-B2.

1) At Station Cb-D1, which is the DC fault loca-
tion, both the DC voltage and current waveforms
using switching function model and average value
model have severe numerical oscillations, which leads
to the spurious results. After few hundred mil-
liseconds, oscillations subside and the waveforms
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reach steady-state. This happens mainly because the
model interface uses delayed voltage and current infor-
mation, which can cause the numerical issues when
abrupt change occurs. Applying iterations between the
AC and DC side may solve the issue; however, this is
not supported by PSCAD/EMTDC®, and can consume
longer calculation time.

2) At the station far away from the fault location, the
switching function model and the average value model
do not have numerical issues. However, the error is
relatively large compared with more detailed models.

3) For the MMC modeling, SM capacitor balancing is
not considered for the switching function model and
the average value model, which can have a significant
impact on the transient behavior and lead to a larger
error during transients compared with the scenarios
for 2L and 3L-NPC converters. Since the voltages of
MMC with high levels are almost perfect sinusoidal
waveforms, therefore the system-level waveforms of
the switching function model and average value model
are almost identical. For 2L and 3L-NPC converters,
the waveforms can be quite different for the switching
function model and average value model, especially at
the AC side of the converters.

4) Among the Stations of Cm-C1, Cm-B2, and Cb-B2,
Station Cm-B2 has the largest disturbances, which is
located in the same DC System 2 of the fault loca-
tion, while Station Cm-C1 has the smallest distur-
bance, located in the DC System 1 which has the
weakest coupling with DC System 2. This observa-
tion is consistent with the network coupling discussion
in Section III.

In summary, the switching function model and the average
value model can be used in stations far away from the fault
location with certain accuracy; however, they are not appro-
priate for use exactly at the fault location. Table 2 presents the
execution time for a 5s run using different modeling schemes.

TABLE 2. Execution time comparison of CIGRE DC grid test
system.

Model Execution time

(for a 5s run)
Proposed model 501s
Two-state resistor model 423s
Switching function model 119s
Average value model 107s

The simulation is conducted on the PC using Inte]l® Xeon
CPU E5-2609 at 2.4GHz, 32 GB RAM, and Window 7 oper-
ating system. The additional execution time of the proposed
method is small (while providing greater details) compared
with the one using two-state resistor model, and the execution
times of switching function model and average value model
are close to each other and are much smaller compared with
the Thévenin equivalence based methods.
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TABLE 3. Modeling scheme, converter station allocation, and execution time for the AC/DC grid case study.

Converter/Partition scheme

Modeling method/Converter station allocation

Execution time

Detailed zone |

Accurate zone | Averaged zone (for a 5s run)

MMC Proposed model Two-state resistor model Average value model NA
2L & 3L-NPC Discrete switches Switching function model Average value model NA
Full detailed model All Stations None None 738s
Distance based scheme Cb-B1.CmElCm-B3 | CmTLCm-ALCH-B, Cm-C1,Cb-C2 499s
Cm-B2,Cb-D1,Cb-Al
Node number based scheme Cb-B1,Cb-Al (Clo8, Cirreieil (Sl 8 Bll OB |, 445s
Cb-C2, Cm-Al Cb-D1,Cm-C1
Network coupling based scheme Cb-B1 (S O CinOunssiCinil, 432s
Cb-D1,Cb-B2 Cm-El, Cm-Al, Cm-C1
Fully detailed model Distance based scheme
C. CASE STUDY OF HYBRID MODELING SCHEME = |— = Node number based scheme -------- Network coupling based scheme
In this section, the complete AC/DC grid is used for the case S 1200 E z 60
study including the wind farms and IEEE 39-bus AC system. 51000 Sl =40
The DC fault lasting 0.05s from 5s of the simulation occurs :‘g 800 b— 5 T2
at the DC Bus Bb-B1, which is close to the center of the test © 600 )
system. In the case study, the fault location and the converter ;n 400 «; 20
stations around it are assumed as the study zone. Three :: 200 % 0
zone partition schemes are applied based on distance, node 5o : S
number, and network coupling to divide the complete system 8 4950515253 5455562 %
into the detailed zone, accurate zone, and averaged zone. 3000 00
The modeling schemes for different zones are shown in the 52000f = 1000
upper part of Table 3. Since the switching function model and = 1000 1 7 5_1300 -
the average value model have almost identical accuracy for z ! ggggg
MMC modeling, the two-state resistor model is applied for 6;323 / & -4000
the accurate zone to differentiate it from the averaged zone. 2 3000 | ol Do | ,

For distance based scheme, the detailed zone contains the m-4000 AT 5.120f O‘:ggggl X080 50536
converters within 300km, while the accurate zone contains 49 50 51 52 53 54 55 56 49 50 51 52 53 54 55 5.6
the ones within 500km. For node number based partitioning = 600 (a)_ 7 Time [s]
scheme, the detailed zone contains the converters with the 2= 550 é 6
node number of 1 or 0 to the node of fault location, the 9; 500 = i
accurate zone contains the converters that have the node 5 450 S 3 5144
number of 2 to the node of fault location. For the network E :gﬁ E i 'MM
coupling based scheme, the detailed zone only contains the & 300 ) g0 /
Station Cb-B1, while all the Stations in DC system 3 are in 2 250 M asplF E :;

. . &) 5.09 5.12 5.155 5.170
accurate zone. The rest converters in corresponding schemes B S ST 5253 54 55 568 4950 51 5253 5455 56
are located in averaged zone. The lower part of Table 3 1400 pry =
presents the allocations of converter stations in the three 1300 i \
zones for different partition schemes. ———]

Fig. 10 and Fig. 11 present comparative results of converter
stations, wind farm and AC system using different zone par-
tition schemes as well as the case using all detailed models.

By using the hybrid modeling scheme, the simulation accu- 514

racy is maintained for the transient analysis, though a cer-
tain amount of error exists. For Station Cb-B1, since all
the schemes use the detailed model, the results using differ-
ent partition schemes are quite consistent with each other,
especially at the beginning of the transients. However, the
waveforms notably differ from each other after around
400 milliseconds of the fault. This is because the convert-
ers using simplified modeling schemes are generally far
from the fault location. The traveling wave latency of trans-
mission lines delays the waveform discrepancy. When the
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FIGURE 10. Comparative results of converter stations using
different partition schemes: (a) DC voltage, DC current, AC-side
active power, and reactive power at Station Cb-B1, and

(b) DC voltage, DC current, AC-side active power, and reactive
power at Station Cm-B3.

steady-steady is reached, the waveforms are become consis-
tent eventually. The errors for different schemes are relatively
large at Station Cb-B1 at the beginning of the transients due to
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FIGURE 11. Comparative results of wind farms and AC systems
using different partition schemes: (a) shaft speed and
mechanical torque of the wind turbine connecting to Station
Cb-D1, (b) AC current form Bus 36 to Bus Ba-B0, and

(c) AC current form Bus 17 to Bus 16.

the modeling difference at the Station Cb-B 1 and other nearby
stations. Although the partitioning is based on different cri-
teria, the zones overlap with each other to some extent. The
similarity of AC/DC grid modeling between the fully detailed
model case and other cases using hybrid modeling is not as
much as the similarity among the different partition schemes,
which is presented in Table 3. It explains the phenomenon
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that the waveforms of detailed model is slightly different
from the waveforms of the cases using hybrid modeling,
while the waveforms between different partition schemes
are close to each other, which can be observed, especially
in Fig. 10(b) and Fig. 11(b). In Fig. 11(a), the shaft speed
and the mechanical torque of the case using node number
based scheme have notable error compared with other cases.
Because the MMC Station Cb-D1 uses average value model
for node number case, while other cases use at least the
two-state resistor model. The control dynamics can affect
simulation accuracy, which is neglected in the case using node
number based scheme. In the on-shore AC system, it is clearly
observed that the disturbance is much smaller for the location
far away from the fault location.

If another location different from the fault location is
desired, the partition schemes can be applied independently,
which is equivalent to applying the superposition theorem.
The modeling method of a certain station adopts the most
detailed one, if the two partition results are not consistent.

The execution time of a 5s run is listed in Table 3. Using
hybrid modeling schemes can reduce around 40% of the
execution time compared with the case using fully detailed
model. The speed-up can be more significant for a larger
system, where the averaged zone can cover more converters.
Although the case using distance based scheme consumes
longer computation time, the case using node number based
scheme obtains higher accuracy except for the waveform at
the wind turbine connecting to Station Cb-DI1 in Fig. 10
and Fig. 11. However, it is difficult to generally evaluate the
performance of the three partition schemes, since it is affected
by the circuit topology and simulation purpose.

V. CONCLUSION

The paper proposed the piecewise polynomial curve fitting
scheme for MMC modeling, and presented the simulation
results of a complete AC/DC grid using fully detailed model
and hybrid modeling schemes. The hybrid modeling scheme
can effectively balance the accuracy and the simulation speed.
Although this work used PSCAD/EMTDC® as the imple-
mentation platform, the proposed model and the simula-
tion of the AC/DC grid can be accomplished in other EMT
tools, such as EMTP-RV®. The purpose of this work is to
provide comprehensive electromagnetic modeling schemes
and guidelines to develop the complex AC/DC grid system.
Insights and accelerate gained through such simulation can
greatly enhance the control and protection studies of the
AC/DC grid system in future research.
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