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An Accelerated Model of Modular Isolated DC/DC
Converter Used in Offshore DC Wind Farm

Rui Yin

Abstract—Modular isolated dc/dc converter (MIDC) is the most
important equipment in the offshore dc wind farm. However, the
simulation of the accurate MIDC model consumes too much time,
which makes it difficult to carry out further studies about this
topology. In this paper, an accelerated model that can dramatically
decrease the consuming time of the MIDC simulation is proposed.
Through an in-depth analysis about the MIDC submodule (SM),
the LLC series—parallel resonant converter, four equivalent mathe-
matical models that can completely describe the operation modes of
the SM are deduced. Thereafter, based on the fourth-order Runge—
Kutta method, a detailed design procedure of the MIDC acceler-
ated simulation model is given. Moreover, the influences of different
discretization methods on the simulation accuracy and computa-
tional speed of the accelerated model are also studied. Finally,
the initial simulation model, the nested parent—child simulation
method-based simulation model, and the accelerated simulation
model of the MIDC with different numbers of SMs are built in the
PSCAD/EMTDC. The simulation results prove the effectiveness of
the proposed accelerated model.

Index Terms—Accelerated model, fourth-order Runge-Kutta
method, mathematical model, modular isolated dc/dc converter
(MIDC), offshore dc wind farm.

I. INTRODUCTION

O MEET the voltage and power requirements of the oft-
T shore dc wind farm, the modular isolated dc/dc converter
(MIDC) used in the wind farm usually contains large amount of
submodules (SMs) [1]-[3]. In these SMs, hundreds of insulated-
gate bipolar transistors (IGBTs) and diodes are operated on high
frequency to decrease the volume and weight of the isolation
transformers [4]-[6]. During the running of an electromagnetic
transient simulation software like PSCAD/EMTDC, the inver-
sion of the nodal admittance matrix corresponding to the sim-
ulation model is solved first, and then the electric quantities of
each node are calculated [7], [8]. Due to the hundreds of switch-
ing devices operated on high frequency in the MIDC, the nodal
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admittance matrix of the simulation model is changed within
every simulation time step. As a result, inversing the large-scale
nodal admittance matrix so frequently will consume too much
computation time, which brings great difficulties for the further
study of the MIDC. For example, when the simulation dura-
tion time and time step are set as 1 s and 0.3 ps, respectively,
the running time of a MIDC simulation model with 40 SMs is
about 85 h. When the number of SMs increases to 96, the MIDC
simulation model cannot be run on an ordinary PC.

The problem above can be classified as the simulation model
optimization problem of the integrative power-electric and elec-
tronic systems. To solve this kind of problem, the most com-
mon way is to substitute the whole simulation model by many
submodels [8], [9], so that the simulation software can avoid
inversing the large-scale matrix. A nested parent—child simula-
tion method (NPCSM) is proposed in [9] for the division of the
whole simulation model. In [8], this method is used to build an
accelerated model for the modular multilevel converter ((MMC).
According to the analysis in [8] and [9], the NPCSM-based
simulation model has the same accuracy as the initial model
and can increase the computational speed obviously. However,
when the topology of the simulation system is too complicated,
such as contains many MMCs, MIDCs, or other power elec-
tronic devices, the computational speed of the whole simula-
tion model is still very low even though the above method is
taken.

In this paper, an accelerated model is proposed to further
increase the simulation speed of the MIDC. Different from the
NPCSM-based model, the MIDC in the accelerated model is ab-
stracted as a high precision mathematical model directly. Hun-
dreds of switching devices in the MIDC no longer exists in the
accelerated model and then the order of the corresponding nodal
admittance matrix is decreased dramatically. Therefore, the ac-
celerated model can realize very high computational speed with
a relatively high accuracy. A brief introduction about the con-
figuration of the offshore dc wind farm and the LLC resonant
converter-based MIDC is made in Section II. In Section III,
the equivalent mathematical models of different LLC resonant
converter operation modes are deduced. Thereafter, these math-
ematical models are discretized and then the design procedure
of the MIDC accelerated model is introduced. Finally, the simu-
lation speed and accuracy of the accelerated model are validated
through a series of simulations in Section IV. The influences of
different discretization methods on the accelerated model are
also analyzed in this section.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. (a) Configuration of the offshore dc wind farm. (b) Configuration of
the MIDC.

Fig. 2.

Schematic circuit diagram of the SM.

II. SYSTEM CONFIGURATION

Fig. 1 shows the configuration of the proposed offshore dc
wind farm, which is composed of many power generation and
voltage conversion (PGVC) units. Each PGVC unit consists of
several adjacent dual three-phase permanent magnet generators
(PMGs) and an MIDC. Fig. 1(b) shows the topology of a MIDC
with 160 SMs. The 160 SMs are equally divided into 20 SM
groups, which are connected in parallel on the input side and
series on the output side. Within the SM group, eight SMs are
connected in series both on the input and output sides. Based
on the series—parallel connection of the SMs, the MIDC can
not only meet the high-voltage high-power requirements of the
system, but can also realize very high dc voltage gain.

The SM of the MIDC is the LLC resonant converter, as shown
in Fig. 2. The inverter side of the SM is composed of four IGBT
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modules and four parallel capacitors while its rectifier side is a
full-wave rectifier consisting of four diodes. The resonant tank
of the SM is composed of the series resonant capacitor Cf, the
series resonant inductor L, and the parallel resonant inductor
Lm .

III. ACCELERATED SIMULATION MODEL OF THE MIDC
A. Equivalent Mathematical Model of the SM

To deduce the equivalent mathematical models of the SM,
an in-depth analysis about the working conditions of the LLC
resonant converter is done. In order to simplify the analysis, the
following assumptions are made.

1) All the switching devices in the SM are considered as

ideal devices.

2) The isolation transformer, inductors, and capacitors in the

SM are considered as ideal elements.

3) Ignore the influences of the parallel capacitors of the IGBT

modules.

4) Ignore the influences of the dead times.

When used as an SM of the MIDC, the LLC resonant converter
has two possible working conditions [10], [11], as shown in
Fig. 3(a) and (b). In Fig. 3, T1-T} are the trigger signals of
S1—S4, vres 1s the input voltage of the resonant tank, 7,5 is
the input current of the resonant tank, v, is the voltage of the
parallel resonant inductor, namely, the primary-side voltage of
the isolation transformer, ¢, is the current through the parallel
resonant inductor, and ¢p is the output current of the SM.

As shown in Fig. 3(a) and (b), the working conditions 1 and
2 have six and eight stages in one period, respectively. Based
on the analysis of the two working conditions, eight operation
modes of the SM are plotted in Fig. 4. Within one period, the
SM is successively operated on Mode 2 (ty—t1), Mode 3 (t1—t2),
Mode 4 (t2—t3), Mode 6, Mode 7, and Mode 8 under working
condition 1. Under working condition 2, the SM is successively
operated on Mode 1 (¢{—t}), Mode 2 (t}-t}), Mode 3 (t5—t5),
Mode 4 (t4~t}), Mode 5, Mode 6, Mode 7, and Mode 8.

Corresponding to the eight operation modes, four equivalent
mathematical models of the SM are deduced. Since the operation
principle of the SM in the second half period is very similar
with the first half period, only the first half period is discussed
in this paper. As shown in Fig. 4(a) and (d), the LLC resonant
converter operated on Modes 1 and 4 can be represented by the
same mathematical model, which is

Vres = V;n,z'j (1)

Vres = Ves T Vs + Up (2)
dves

'res' - Cs _ 3

Ures 7 3)
diyes

s = Ly 4

vy, S 4
diyes

vy = L )

ip =0 (6)
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Fig. 3.  Two possible working conditions of the LLC resonant converter. (a)
Working condition 1. (b) Working condition 2.

where V;,, ;; is the input voltage of the SM, i = 1, 2,... ,Nyroup,
J=12,...,Nen, Ngroup is the number of the SM groups in
one MIDC, N, is the number of the SMs in one SM group, v,
is the voltage of the series resonant capacitor, v; is the voltage
of the series resonant inductor, and 4,, is the primary-side current
of the transformer. Define the mathematical model of the SM
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(8 (h)

Fig.4. Eight operation modes of the SM. (a) Mode 1. (b) Mode 2. (c) Mode 3.
(d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7. (h) Mode 8.

operated on Modes 1 and 4 as Model 1. The mathematical
model of the SM operated on Modes 5 and 8 is defined as
Model 3, which can be obtained by substituting V/,, ;; in (1)—(6)
with —V;w,u'j .

Similarly, as shown in Fig. 4(b) and (c), the LLC resonant
converter operated on Modes 2 and 3 can be represented by the
same mathematical model, which is

Vres = Vinlij (7N
Vres = Ves + Vs + U (8)
ires = C d;’t ©
v, = 1,20 (10)
vp = V;;” 1,5 (1)

12)

ip =lpes — Z'lp

where V, ;; is the output voltage of the SM, and n; is the trans-
former ratio. Define the mathematical model of the SM operated
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Fig. 5. Relationships of the working conditions, operation modes, and equiv-
alent mathematical models.

on Modes 2 and 3 as Model 2. The mathematical model of the
SM operated on Modes 6 and 7 is defined as Model 4, which
can be obtained by substituting the V;,, ;; and V, ;; in (7)—(12)
with —=V;,, ;; and -V, ;;, respectively. The relationships of the
SM working conditions, operation modes, and equivalent math-
ematical models are shown in Fig. 5.

B. Discretization of the Equivalent Mathematical Models

From (1) to (12), it could be known that the equivalent math-
ematical models of the SM include several ordinary differential
equations. To write the corresponding computer program and
finally build the MIDC accelerated simulation model, the or-
dinary differential equations in mathematical models 1 to 4
must be transformed into difference equations. There are many
methods that can be used for the discretization. In general, the
simpler the discretization method, the simpler the computer
program, which means a high computational speed of the simu-
lation model. The disadvantage is a relatively low accuracy. On
the contrary, a complicated discretization method means a high
accuracy of the simulation model, whereas the computational
speed is relatively low. Therefore, there is a tradeoff between
the simulation accuracy and the computational speed when the
discretization method of the MIDC accelerated model is chosen.

To select a proper discretization method, three SM acceler-
ated simulation models based on the Euler method, the improved
Euler method, and the fourth-order Runge—Kutta method, re-
spectively, are built in the PSACD/EMTDC. One conclusion is
drawn through a series of simulations of the three SM acceler-
ated models that the complicated discretization method has little
influence on the computational speed, but can increase the sim-
ulation accuracy obviously. As a result, the fourth-order Runge—
Kutta method is finally chosen as the discretization method to
build the MIDC accelerated model. The comparisons of three
SM accelerated models are presented in Section IV-A. In this
section, the discrete result of the SM mathematical models based
on the fourth-order Runge—Kutta method is given first.

Take mathematical model 1 as an example, substituting (4)
and (5) into (2) yields

./ 1

es — 1 1 V;nz_ cs) -
Yres L5+Lp( -] v )

13)
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Substituting (3) into (13) yields
1
"
o = ———————Vinii — Ves)-
Ues (Ls T Lp)cs( in_ij U(,k)

Rewriting (3) and (14), the following equations are obtained:

" _ 1 S
{U cs — (LerL,,)Cs (V:m,u ch)

(14)

' : (15)
v/cs = C%Zre&
Using the fourth-order Runge—Kutta method to discretize

(15), we can get
{vg;l =l + il At + F(Ar + A + Ag) At

(16)
+ $(A1 4245 + 243 + Ay)C, At

n+1 _ n
Yres = lres

where

A1 = e (Vi — vl)

s

_ 1 . _.n _ 1
A2 = e (Ww Yes — 307 ’resAt)

e (V, A N N At2)
A= e (V] —ul - i At - %AlAtQ) .

(17)
According to (2)—(6), and (16), the following equations are
obtained:

L
n+1 __ 4 n+1
p = LSTLP(VWU — v ) (13)
it =it (19)
z';“ =0. (20)

Equations (16)—(20) form the discrete model corresponding to
mathematical model 1 of the SM. Similarly, the discrete results
of mathematical models 2, 3, and 4 can be easily obtained, which
are listed in Appendix A.

C. Design of the MIDC Accelerated Model

As mentioned above, the MIDC in the accelerated model
is abstracted as a high precision mathematical model directly.
Consequently, hundreds of switching devices in the MIDC initial
simulation model are omitted and the inversion of a large-scale
matrix is avoided. To achieve this target, an SM accelerated
model structure shown in Fig. 6 is designed.

As can be seen in Fig. 6, the LLC resonant converter in the
accelerated model is equivalent to two controlled current sources
and two capacitors. Consequently, no more switching devices
exist in the circuit topology of the SM. The control signals of
two controlled current sources are generated by the computer
program module (CPM), as shown in Fig. 6(b). Within the CPM,
computer program of the discrete mathematical models 14 is
written based on the Fortran language. In Fig. 6(b), Vi, i;, Vo,
T, and By, are the input signals of the CPM, I;,, ;; and ip are
the output signals of the CPM, By, is the block signal used to
block the IGBTSs during the fault situations, and I}, ;; is the input
current of the SM. To simple the MIDC accelerated model, the
computer programs of the SMs in one SM group are packaged
into one CPM. Therefore, all the input and output signals of
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(b)

Fig. 6.  Structure of the SM accelerated model.

the CPM are N, dimensional arrays. In an MIDC accelerated
model, the number of the CPMs is equal to the number of the
SM groups.

According to the analysis in Section III-A, the eight opera-
tion modes of the SM can be completely described by the four
mathematical models. However, when the computer program
is written, not only should the four mathematical models be
known, but also the current state of the SM corresponding to
which mathematical model should be determined. It should be
pointed out that when the operation mode of the SM is changed,
the corresponding mathematical model may not change. For
example, when the operation mode of the SM under working
condition 1 is changed from Modes 2 to 3, the corresponding
mathematical model remains unchanged. Therefore, the whole
working process of the SM within one period could be redivided
according to the mathematical models. Under working condi-
tion 1, the equivalent mathematical models of the SM within one
period are Model 2 (ty—t2), Model 1 (t2—t3), Models 4 and 3.
Under working condition 2, the equivalent mathematical mod-
els of the SM within one period are Model 1 (¢;—t), Model 2
(t)-t4), Model 1 (t4—t}), Model 3, Model 4, and Model 3.

Through the analysis of the two working conditions of the SM,
it is known that the changes of the SM equivalent mathematical
models could only happen at six different points. In this section,
only the three points in the first half period are analyzed as
follows.

1) At the rising edge of T, namely, at ¢ = ¢, of working
condition 1 or t = ¢, of working condition 2. At this mo-
ment, if the SM is operated under working condition 1,
the corresponding mathematical model will change from
Models 3 to 2; if the SM is operated under working condi-
tion 2, the corresponding mathematical model will change
from Models 3 to 1. To decide which working condition
the SM is operated, the value of v, is used. At the rising
edge of T1, if v, is smaller than V, ;; /n;, the SM is op-
erated under working condition 2; otherwise, the SM is
operated under working condition 1. Therefore, when the
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computer program of the SM accelerated model is written,
whether the rising edge of 7 appears can be used to de-
cide whether the mathematical model should be changed.
After this, the working condition of the SM is decided
by the values of v, and then which mathematical model
should be changed to is known.

2) Att = t} of working condition 2, namely, at the moment
that the value of v, is increased to V, ;; /ny from its value
att = t. The corresponding mathematical model of the
SM is changed from Models 1 to 2 at this moment and
the value of v, is used to identify when this procedure
happens.

3) Att = ty of working condition 1 and ¢ = ¢} of working
condition 2, namely, at the moment that the transformer
primary-side current ¢, is decreased to 0. The correspond-
ing mathematical model of the SM is changed from Mod-
els 2 to 1 at this moment and the value of i, is used to
decide when this procedure happens.

Similarly, the changes of the equivalent mathematical models
in the second half period are easily obtained, so they will not be
covered here.

Based on the aforementioned analysis, the flowchart of the
computer program in the CPM is drawn in Fig. 7, where X and
Y are intermediate variables. As shown in Fig. 7, the computer
program can detect the rising edge and falling edge of 77 and
then stores the detecting results in X and Y. The extremely small
positive value and negative value in the flowchart are used to
help the changes of the mathematical models and have little
influence on the accuracy of the accelerated model. Besides, a
loop structure is used in the CPM to successively compute all
the SMs in one SM group. The output signals of the CPM are
obtained through

ip = iyt /] @n
Linj = kit (22)

where

1 Th=1
k:
—-17, =0.

Obviously, the accuracy of the MIDC accelerated model pro-
posed in this paper depends on the accuracy of the equivalent
mathematical models of the SM. Compared with the simulation
model based on the NPCSM, the accuracy of the accelerated
model is relatively lower. However, since the accelerated model
simplifies the initial model drastically, its computational speed
shows an obvious increase even when compared with the simu-
lation model based on the NPCSM, which will be presented in
next section.

IV. MODEL VALIDATION

A. Influences of Different Discretization Methods on the SM
Accelerated Model

In this section, a comparative analysis about three SM ac-
celerated models based on the Euler method, the improved Eu-
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Fig. 7. Program flowchart of the SM accelerated simulation model.

ler method, and the fourth-order Runge—Kutta method, respec-
tively, is done. The schematic circuit diagram of the SM initial
simulation model is shown in Fig. 8. In order to keep consistent
with the assumptions made in Section III-A, the parallel capac-
itors of S1—5, shown in Fig. 8 are removed and the dead time
is set as a very small value. The schematic circuit diagrams of
three SM accelerated models are built according to the topology
shown in Fig. 6(b), and the configurations of their input side and
output side are similar with that of the initial simulation model.
In Fig. 8, Ry is the load resistor, which can be used to regu-
late the quality factor of the LLC resonant converter [12]. The
three SM accelerated models and the initial model have exactly

3155

* Ny
~ Sia Sy4
Vin i 0
I sohEF sopE3

Fig. 8.

Schematic circuit diagram of the SM initial simulation mode.

TABLE I
PARAMETERS OF THE FOUR SIMULATION MODELS

Parameter Value
Rated input voltage 1kV
Rated output voltage 2.5kV
Rated input power 0.25 MW
Input side capacitor C;, 250 pF
Output side capacitor C,, 100 pF
Series resonant capacitor C; 9.2 uF
Series resonant inductor L 76.2 uH
Parallel resonant inductor L, 381.1pH

the same parameters, as listed in Table I. Moreover, the control
systems and control parameters of the four models are exactly
the same. The simulation models are running on a Microsoft
Windows 7 Operating System with 3.40 GHz Intel Dual-Core
i7 CPU, 8 GB of RAM. The version of the PSCAD/EMTDC
is4.2.1.

When the SM input side voltage is set as 1 kV, operation
frequency is set as 5 kHz, and Ry is set as 25 €2, simulation
waveforms of the four models with different time steps are
shown in Figs. 9 and 10. As shown in Fig. 9, when the time
step is set as 0.1 us, the waveforms of the input and output
currents of the three accelerated models are very similar to that
of the initial model, which proves the feasibility of the proposed
design procedure about the MIDC accelerated model. However,
when the time step is set as 0.5 us, the accuracies of the three
SM accelerated models show obvious differences, as shown in
Fig. 10. Therefore, it is necessary to make a further comparison
about the simulation accuracies and the computational speeds
of the three SM accelerated models.

According to the parameters of the MIDC and PMG listed
in [10], the operation curve of the LLC resonant converter used
as the SM of the MIDC can be obtained through a series of
simulations. The operation curves of the four simulation models
with time steps of 0.1, 0.3, and 0.6 us are shown in Figs. 11, 12,
and 13, respectively. As can be seen in Fig. 11, the operation
curves of the four models are very similar when the time step is
0.1 ps. With the increase of the time step, as shown in Figs. 12
and 13, the operation curves of the SM accelerated models
based on the Euler method and the improved Euler method
present obvious differences with that of the initial model, while
the operation curve of the SM accelerated model based on the
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Fig. 9. Simulation waveforms of four SM simulation models with a time step
of 0.1 ps. (a) Input currents. (b) Output currents.
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Fig. 10. Simulation waveforms of four SM simulation models with a time

step of 0.5 us. (a) Input currents. (b) Output currents.
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Fig. 11.  Operation curves of four SM simulation models with a time step of

0.1 ps. (a) Operation curves of four SM simulation models. (b) An enlarged
version of Fig. 11(a).

fourth-order Runge—Kutta method is still almost same as that of
the initial model.

When the simulation duration time is set as 1 s, the running
times of the four SM simulation models with different time steps
are listed in Table II. As can be seen in Table II, the running
times of the three SM accelerated models are almost same. The
running time of the SM accelerated model based on the fourth-
order Runge-Kutta method is just a little bit longer than that of
the other two SM accelerated models.

Through the aforementioned analysis, one conclusion is
drawn that the SM accelerated model based on the fourth-order
Runge—Kutta method has obviously higher accuracy than the
other two SM accelerated models, while its drawback of the
computational speed is negligible. Consequently, the fourth-
order Runge—Kutta method is finally chosen to build the MIDC
accelerated model.

B. Transient Performances of the Accelerated Model

In this section, the transient performances of the accelerated
model are studied. The topologies of the SM initial model and
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Fig. 12.  Operation curves of four SM simulation models with a time step of
0.3 ps. (a) Operation curves of four SM simulation models. (b) An enlarged
version Fig. 12(a).

the SM accelerated model are similar to their topologies in
Section IV-A. Both the two models are operated on constant
output dc voltage control mode. The control systems and control
parameters of the two models are exactly the same.

When Ry is set as 50 2, the transient performances of the
two models with a step change of the input voltage are shown
in Fig. 14. In Fig. 14, I;,, ;;; and ip; are the input current and
the output current of the SM initial model, respectively, I;,, ;j,
and ip, are the input current and the output current of the
SM accelerated model, respectively, f; and f, are the operation
frequencies of the two models, and V,;;; and V,_;;, are the
output voltages of the two models. At r = 1 s, the input voltage
of the two models is increased from 0.9 to 1 kV. As can be seen
in Fig. 14(a) and (b), when the input voltage is changed, the
simulation waveforms of the input and output currents of the two
models are almost same. Moreover, the simulation waveforms
of the operation frequencies and the output voltages of the two
models are also very similar.

Fig. 15 shows the transient performances of the two SM
models with a step change of a load resistor. In Fig. 15, Ir;
and Iy, are the load currents of the SM initial model and the
SM accelerated model, respectively, P, ;;; and P, ;;, are the
output powers of the SM initial model and the SM accelerated
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Fig. 13.  Operation curves of four SM simulation models with a time step of
0.6 us. (a) Operation curves of four SM simulation models. (b) An enlarged
version Fig. 13(a).

TABLE I
RUNNING TIME OF FOUR SIMULATION MODELS WITH DIFFERENT TIME STEPS

Time step of Time step of Time step of
SM simulation model
0.1 ps (s) 0.3 ps (s) 0.6 ps (s)
Initial model 123 435 235
Euler method based model 20.9 7.9 4.4
Improved Euler method
21 7.9 4.5

based model
Fourth-order Runge-Kutta

21.4 8 45

method based model

model, respectively. At t = 1 s, Ry, is decreased from 50 to
25 Q. As shown in Fig. 15(e) and (f), when Ry, is decreased to
25 ), the load currents of the two models are increased from
0.05 to 0.1 kA and the output powers of the two models are
increased from 0.125 to 0.25 MW. During the whole transients,
the performances of the two SM models are almost same.
When a short-circuit fault occurs on the output side, the
transient performances of the two SM models are shown in
Fig. 16. After the fault, the input current of the SM increases
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rapidly. As a result, the overcurrent protection device within the
IGBT module will block the IGBT to avoid irreversible dam-
age to the IGBT. When the IGBTs are blocked, the operation
modes of the SM are different from the eight modes shown in
Fig. 4. A detailed analysis about the operation modes, the corre-
sponding mathematical models, and the accelerated simulation
model of the SM during the short-circuit fault is presented in
Appendix B.

In Fig. 16, Bjy.; and Bj,cr are the block signals of the SM
initial model and the SM accelerated model, respectively, and
I,; and I, are the short-circuit currents of the two models. At
t = 1 s, a short-circuit fault occurs between the two terminals
of Ry. Ry is set as 25 ) and the short-circuit resistor is set
as 1 Q. As shown in Fig. 16(a), the input current of the SM
increases quickly after the fault. As a result, the block signals of
the two SM models are changed to high level at = 1.00012 s
and then all the IGBTs within the two SM models are blocked.
Thereafter, the energy stored in the resonant tank of the LLC
resonant converter is transmitted to the input and output sides
of the SM through the antiparallel diodes of the IGBTs and
the rectifier diodes of the SM, as shown in Fig. 16(a) and (b).
When this process is over, the input and output currents of the
SM are decreased to 0. As can be seen in Fig. 16, the transient
performances of the SM initial model and the SM accelerated
model are very similar under the short-circuit fault condition.

According to the configuration shown in Fig. 1(b), two SM
group simulation models are built based on the SM initial model
and the SM accelerated model. Within the SM group, eight SMs

are connected in series both on the input side and output side.
The input side and output side of the SM group are connected
to an 8-kV dc voltage source and a 20-kV dc voltage source,
respectively. The control strategy presented in [10] is used for the
two SM group models and their control parameters are identical.
At t = 1 s, the input power reference value of the SM group is
increased from 1 to 2 MW. The dynamic responses of the two
SM group models are shown in Fig. 17. In Fig. 17, I;,, 4; and
I;y_ga are the input currents of the two SM group models, I,,_g;
and I, 4, are the output currents of the two SM group models,
and P, ,; and P, ,, are the output powers of the two SM group
models. As can be seen, when the input power reference value
is changed, the transient performances of the two SM group
models are almost same.

C. Validation of the Computational Speed

The initial model, the NPCSM-based model, and the acceler-
ated model of the MIDC with different numbers of SMs are built
in the PSCAD/EMTDC. When the simulation duration time is
set as 1 s, time step is set as 0.3 us, the running times of these
simulation models are listed in Table III. Since the MIDC ini-
tial model is not able to run on an ordinary PC when its SM
number reaches 96, the corresponding running times in Table
IIT are not filled in. To present the acceleration effect of the
MIDC accelerated model in a straightforward way, the curves
of the running times listed in Table III are drawn in Fig. 18. As
shown in Fig. 18, compared with the MIDC initial model, both
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the NPCSM-based model and the accelerated model can signif-
icantly increase the computational speed. For example, when
the number of SMs is 40, the acceleration ratios of the NPCSM-
based model and the accelerated model are 218.37 and 1413.9,
respectively.

What is more, as shown in Table III and Fig. 18, the MIDC
accelerated model has a five to seven times increase on the
computational speed even when compared with the NPCSM-
based MIDC model. This phenomenon can be explained by the

working principle of the PSCAD/EMTDC. Both the acceler-
ated model and the NPCSM-based model can avoid inversing
the large-scale nodal admittance matrix. However, in the ac-
celerated model, large amounts of switching devices and pas-
sive devices are abstracted as equivalent mathematical models,
which replace the detailed and complex component models in
the PSCAD/EMTDC. As a result, the computational speed of

the MIDC accelerated model is further increased than that of
the NPCSM-based model.
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TABLE III
RUNNING TIMES OF DIFFERENT MIDC SIMULATION MODELS

Running time (s)

Acceleration ratio than initial
Acceleration ratio of

SM model
accelerated model than
number Initial NPCSM Accelerated NPCSM Accelerated
NPCSM model
model model model model mode
1 435 435 8 1 5.44 5.44
8 505 266 37 1.90 13.65 7.19
16 2,789 548 73 5.00 38.21 7.51
40 306,816 1405 217 21837 1413.90 6.47
96 — 3448 633 — — 5.45
160 — 6529 1250 — — 522
T T ' accuracy of the accelerated model can be maintained on a rela-
10° £ 4  tively high level.
: ] The influences of different discretization methods on the
10" L X NPCSM iased model ] accelerated model are studied, which prove that the more com-
= Initial model V. ___-- plicated discretization method has little influence on the compu-
g L I tational speed, but can obviously increase the simulation accu-
= 10° ¢ _-7 LimimememT T 3 racy. As aresult, the fourth-order Runge—Kutta method is finally
£ . RS N ] chosen to build the MIDC accelerated model.
5 100k PR Accelerated model - The design procedure proposed in this paper is also useful
~ H 7 E . . e
P, for the simulation model building of any other modular dc/dc
o' M/ converter topologies based on the LLC resonant converter.
’ i
- APPENDIX A
100 s 1 s 1 s | s 1
0 40 80 120 160 The discrete results of mathematical model 2 are
Number of SMs o . . )
Ug’s ZU:S + alﬁesAt+ E(Bl + Bs +B3)At
Fig. 18.  Running times of different MIDC simulation models. (23)

V. CONCLUSION

In this paper, an accelerated simulation model of the MIDC is
proposed and validated. According to the simulation results, the
accelerated model can dramatically increase the computational
speed compared with the MIDC initial simulation model. Even
when compared with the NPCSM-based model, the accelerated
model has a five to seven times increase on the computational
speed. Meanwhile, through an elaborate design, the simulation

n+1 _ n
Zr(’,s - Zr(zs

+ £(B1 4+ 2B; + 2Bs + By)C, At

By =
By =

ny cs 20, "res

Voij ) .
V;n,ij _ B R 1 i At)

Voij n 1 :n
V;n ij =L — s — Ciﬁlres

Vo .
B3 = Lblcb (‘/in,i,j - T,/ - ’Ugs - ﬁz?esAt - iBl AtQ)
B = (

At-1BAR)
(24)
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APPENDIX B

When a short-circuit fault occurs at the output side of the SM,
the amplitude of 7,., increases very quickly. After the IGBTSs
within the SM are blocked at a relatively high value of 4,.s,
the operation of the SM can be divided into two stages. In the
first stage, the possible operation modes of the LLC resonant
converter are shown in Fig. 19(a) and (b). If 7,.; > 0, the SM
will operate on Mode 9; otherwise, the SM will operate on Mode
10. At every time of ., passes through zero, if |ves| > Viy ij,
the SM will continually operate in the first stage. Otherwise,
the SM will enter the second stage and the possible operation
modes of the SM are shown in Fig. 19(c) and (d). If ¢;,, < O, the
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(d

Fig. 19. Possible operation modes of the LLC resonant converter after the
IGBTsS are blocked. (a) Mode 9. (b) Mode 10. (¢c) Mode 11. (d) Mode 12

SM will operate on Mode 11; otherwise, the SM will operate on
Mode 12. In the second stage, |i, | is decreased to 0 gradually by
the output side voltage of SM. When |i;, | reaches 0, the second
stage is over.

The equivalent mathematical model of the SM operated on
Mode 9 is defined as Model 5, which can be obtained by substi-
tuting V;,, ;; in mathematical model 2 with -V}, ;;. Similarly,
the discrete results of Model 5 can be obtained by substituting
Vin i in the discrete results of Model 2 with -V, ;;. The equiv-
alent mathematical model of the SM operated on Mode 10 can
be obtained by substituting V;, ;; in mathematical model 2 with
-V, _i; and this mathematical model is defined as Model 6. The
discrete results of Model 6 can be obtained by substituting V, _;;
in the discrete results of Model 2 with -V, ;;.

The equivalent mathematical model of the SM operated on

Mode 11 is
Voij di
— =1 -2 38
e Tt r dt ( )
iy = —ipp. (39

Define (38) and (39) as mathematical model 7. The discrete
results of Model 7 are

Vo.ij py
Ty Lp

-n+1
le

(40)

- le

Z-n+1 — _ -n+1

P lp

(41)
The equivalent mathematical model of the SM operated on

Mode 12 is

‘/0,7', 7

Uz

diy
Pat

v, = =1L

(42)

1 (43)

Define (42) and (43) as mathematical model 8. The discrete
results of Model 8 are

= —iyp.

-n+1
le -

(44)

(45)



3162

i,,:O i,,,=0 =
[ e ] ( ™ }

y

[ |

End

Fig. 20.
situations.

Program flowchart of the SM accelerated model during the fault

The program flowchart of the SM accelerated model during
the fault conditions is shown in Fig. 20. In Fig. 20, M and N are
intermediate variables. After the IGBTs are blocked, the output
signals of the CPM can be obtained through

ip = |iy ™ /] (46)
Iipij = —irtt 47)
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