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Modeling for Complex Modular Power
Electronic Transformers Using Parallel
Computing

Moke Feng, Chenxiang Gao, Jianzhong Xu*, Senior Member, IEEE, Chengyong Zhao,
Senior Member, IEEE, and Gen Li, Member |IEEE

Abstract—The modular power electronic transformer
(PET) faces difficulty carrying out microsecond-level
electromagnetic transient (EMT) simulations. This paper
provides a high-speed and high-precision simulation
method capable of eliminating the internal nodes and
reducing the order of the nodal admittance matrix.
Meanwhile, the parallel computing is integrated into the
whole solution process, which achieves a significant
simulation speedup. A physical prototype is established
to prove that the detailed model is sufficient to reflect the
dynamics of physical devices. Moreover, simulations in
PSCAD/EMTDC are carried out to compare the
proposed method with the detailed model in terms of
accuracy and time efficiency. Simulation results show
that the proposed method is accurate to simulate the
external and internal dynamics of PET with hundreds of
times simulation speed acceleration.

Index Terms—power electronic transformer (PET),

electromagnetic transient (EMT) modeling, order reduction
of matrices, parallel computing.

[. INTRODUCTION

As one of the key equipment in energy conversion and grid
interconnection, power electronic transformers (PETs)
have attracted extensive research on designing their topologies
[1], control strategies [2], and modeling methods [3], [4]. With
the increasing deployment of medium- and low-voltage (MV
and LV) DC distribution networks, it is foreseen that there will
be wide applications of PETs in AC/DC and DC/DC
conversion between grids with multiple voltage levels.
However, due to the sophisticated configuration and a large
number of power modules (PMs), using detailed switching
models of PETs will result in a heavy computational burden in
electromagnetic transient (EMT) simulations. Especially when
focusing on converter-level and system-level studies, e.g.,
capacitor voltage ripple, arm current, converter power flow,
system operation, control, and protection, such problems are
more prominent.

The computational burden will be hefty if a complex system
(e.g., a multi-terminal MVDC grid with several multi-port
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PETs) is modeled in EMT simulation tools, for instance, in
PSCAD/EMTDC. Simulating one second may take several
hours or even longer if the converters and PET are all modeled
using the detailed switching models [5]. This is unacceptable
for off-line EMT simulations and will induce significant
challenges for real-time simulations as well.

Some modeling approaches have been proposed but focus
on some specific needs. Small-signal modeling and impedance
modeling are used for steady-state stability analysis and
control system design but not for EMT simulations [6]-[8].
Averaged-value modeling ignores the internal characteristics
of PETs, such as capacitor voltage ripples, transformer
voltages and currents, and internal switching stresses. They
are inaccurate or even inapplicable for EMT simulations,
especially when simulating very fast transient processes, e.g.,
DC fault analysis [9], [10].

Conventional modeling methods have a narrow scope of
applications. In order to address the dilemma of simulation
accuracy and speed, some high-speed and high-precision
modeling methods for power electronic (PE) equipment have
been proposed. A nested fast and simultaneous solution for
time-domain simulation of PE systems is first proposed by Kai
Strunz [11]. Based on this algorithm, A. M. Gole and Udana G.
propose the efficient modeling method for the modular
multilevel converter (MMC) [12]. This underpinning method
provides a solid foundation for high-speed and high-precision
modeling of PE equipment. Afterwards, optimized algorithms
are proposed to enhance the existing methods. In [13], the
circuit analysis is changed to a matrix solution, and the
modeling method becomes applicable for arbitrary multi-port
PMs. Relying on the research of [3], [14], and [15], the
method in [14] is now applicable to various kinds of multi-
port PM topologies and can be used for PETs and other PE
equipment.

However, the rapid development of PE-based systems
brings new challenges to EMT simulations. For instance, the
modeling approach used for the common single-phase
transformer is not applicable to the multi-winding transformer
in the multiple-active-bridge (MAB) of PETs [16] because the
multi-winding transformer does not have a star equivalent. As
a result, new modeling theories and techniques are required
for EMT simulations.

Meanwhile, parallel computing technology brings new
possibilities for EMT simulations. There are various types of
parallelization, including CPU parallelization based on shared
memory, multi-core parallelization using GPUs, and



distributed parallelization among multiple computational

nodes. These techniques can effectively increase the speed of

simulation. However, the computational loads and power
networks need to be appropriately designed to achieve
efficient parallelization.

In order to adapt to the needs of PE-based systems, it is
necessary to enhance the existing modeling methods for
system analysis. In this paper, a modeling approach for
complex PET is proposed. The main contributions of this
paper are:

1) A unified magnetic equivalent circuit (UMEC) model of a
specifically designed multi-winding transformer is derived,
which bridges the gap that the existing UMEC transformer
models are mainly for single-phase or three-phase
transformers [17], [18].

2) A PM equivalent model in which the internal nodes are
eliminated is proposed to reduce the number of electric
nodes. Thanks to this PM model, the simulation efficiency
is significantly improved.

3) An efficient cascading scheme for a large number of multi-
port sub-modules (SMs) is proposed to transform the
complex matrix calculations into simple addition
operations.

4)The proposed model exhibits fault blocking capability
without involving additional circuits, which also avoids the
sophisticated state variable passing procedure.

5)Parallel computing is organically integrated into the
modeling procedures to develop a high-speed and high-
precision model. In the proposed method, the calculations
of transformers, PMs, and bridge arms are assigned to
different CPU cores for parallel computing to speed up the
calculation.

Finally, the proposed method is validated through
simulations. The modeling and parallelization steps are

summarized in Fig. 1.
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Fig. 1. Procedures of the modeling and parallelization.
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Il. MODELING PROCESS OF PET
In this section, the Xiaoertai PET (XET-PET) constructed

in Zhangbei, China, is used to demonstrate the proposed
modeling approach. The topology of the XET-PET is shown
in Fig. 2. The reason we investigate this topology is not only
because it features in higher power density, smaller
transformer size, and higher flexibility than existing PETs, but
also its technology readiness has been validated by this
Xiaoertai project [19]. The XET-PET is composed of an upper
arm and a lower arm. The three phases are coupled through
PMs using a three-phase MAB. Each PM consists of four
energy conversion units: AC/DC, DC/AC, AC/AC (high-
frequency isolating transformer), and AC/DC. The carrier-
phase-shifted PWM (CPS-PWM) and single-phase-shifted
(SPS) modulation [20] strategies are used to regulate the
power between the MVDC and LVDC ports.
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Fig. 2. Topology of the XET-PET.

A.Modeling for the Isolating Transformer

The circuit in Fig. 2 needs to be discretized before it can be
used for simulation. IGBT/Diode switch group is usually seen
as a two-value (ON/OFF) resistor whose resistance is
determined by the IGBT gate signal. The discretization of
fundamental LC components has been well described in [21].
Taking the capacitor as an example, the differential equation
of a capacitor is:

)
un=C=—"=. (1)

where u is the voltage across the capacitor, i is its current and
C is its capacitance.
Change the form of (1):

. 1 pr-ar 1 ¢t
i(t) = e jo u(t)dt + v J.[_Atu(t)dt

| - 2
=i(t— A1)+ e J‘rimu(t)dt

In (2), At is the simulation time-step. Discretize (2) with the
trapezoidal integration method:
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Equation (3) shows that the equivalent circuit of the
capacitor is a Norton circuit, as in Fig. 3. The history current
source Jc mis(?) is determined by the voltage and current of the
last time-step.
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Fig. 3. Discretized capacitor equivalent circuit.

The modeling of the transformer is presented as follows.
There are several transformer models: matrix representation
(BCTRAN) model, saturable transformer component (STC)
model, and topology-based model [22]. BCTRAN is the
simplest model derived from matrix equations without
considering the structure of the transformer and saturation
characteristics. BCTRAN will only be reasonably accurate
when the frequency is below 1 kHz and the number of
windings is less than 3. STC is capable of simulating
saturation with an additional current source, but the issue of
numerical instability has been reported in [23]. The topology-
based model considers the core geometry of the transformer,
and saturation effects of each limb of the core are well
simulated. The computational burden varies according to the
complexity of the transformer topology.

The UMEC model is a kind of topology-based model, its
parameters are easy to obtain, and more importantly, it is not
computationally expensive [24]. Therefore, UMEC is selected
for modeling the four-winding transformer in the XET-PET.
The structure of the four-winding high-frequency transformer
is shown in Fig. 4(a).

Fig. 4. The four-winding transformer and its UMEC. (a) four-winding
transformer; (b) UMEC structure.

The windings share the same core and are wound around
the four limbs. ¢ to ¢ are the winding limb fluxes, @iito @is
are the leakage fluxes. The limb lengths are L;; and L. The
winding voltages v; to v4 and currents i; to is are illustrated in
Fig. 4(a) as well. The port nodes are numbered from 1 to 8.
The UMEC structure of Fig. 4(a) is represented by Fig. 4(b).
Magnetomotive force (MMF) sources Niii(f) to Naia(t)
represent each winding individually. The winding voltages are
used to calculate the winding limb fluxes. P; to P4 are the
permeances of the transformer winding limbs, Py to Pja are
the permeances of the leakage circuits.

According to [25], the voltages v; (i=1,2,3,4) and currents i;
(i=1,2,3,4) satisfy the following relationship:
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where yr; (i, j=1,2,3,4) are the equivalent admittances, iy
(i=1,2,3,4) represent the influences of the winding currents of
last time-step.
Equation (4) represents a Norton equivalent circuit (EC)
shown in Fig. 5, which is like a diamond. A branch is formed
8—1
between every two nodes. Hence there are total Zi =28
i=1
branches. In the diamond circuit, each blue line represents an
admittance branch with a time-varying admittance value. The
Norton current sources are connected across the two nodes of
each port.

Zi
S
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Fig. 5. Diamond Norton equivalent circuit of the four-winding
transformer, PM EC, and arm EC.

It is worth noting that all of the 8-node circuits have the
same pattern as the diamond circuit. Therefore, in the
following analysis, the structures of PM EC and arm EC are
diamond circuits as well.

B. Modeling for the Power Modules

Replace the capacitor, switch and transformer models with
the corresponding discretized circuit, and select the node NDC
as the reference node. The PM companion circuit is obtained
as in Fig. 6. The cascaded H-bridge (CHB) sides are
connected in cascade to withstand the MVDC voltage. AC
voltages and currents are rectified, and the energy is
transmitted to the MAB side.



G1-Gos represent the admittance of the two-value resistors,
Gci-Ges represent the equivalent capacitor conductance, and
Juis_ci-Juis_cs4 are the capacitor history current sources; Ji i-
Ji_4 are the transformer history current sources.

In each PM, there are 21 nodes (excluding the reference
node NDC) and 60 branches (32 circuit branches and 28
transformer equivalent branches). The node-branch incidence
matrix A is 21x60, and the branch admittance matrix Yoranch 1S

60x1.
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Fig. 6. Companion circuit of PM in the XET-PET.

Nodal admittance matrix Y is obtained with A and Ybranch:
Y=A4Y_ A", (5)

branch

Y is 21x21, as illustrated in Fig. 7, in which the orange

cubes represent the non-zero elements in the matrix. Y is
arranged in the order of external nodes and internal nodes.

non-zero elements

Yll(7><7) Y12(7><l4) VEX(1x7) _ JEX(1><7) (8)
Y21(14><7) Y22(14><l4) VIN(1><14) ‘]IN(1><14)

where the subscript “EX” indicates external voltage and “IN”
indicates internal voltage. Y is partitioned according to the
external and internal node division.

Expand (8):
{YIIVEX +Y, Vi =Jx )
Y, Vix +Y,Vin =J
Consequently, we can obtain:
X, - Y12Y2_21Y21 Wex =Jex — }712Y2;1J1N (10)
= YEQVEX =J EQ
Vin :Y{zl (JIN _YZIVEX) (11)

From the perspective of the circuit, Vex can either be
obtained with a complex matrix Y in (5) or by a simple one
Yeq in (10). Replace Y with Ygq, although the circuit is more
simplified, the calculation result of Vgx does not change.
Therefore, the EC, which only contains the external node, is
obtained without losing accuracy.

YEq is the Schur's complement matrix [26] of ¥, whose
values are:

YEQ =Y, _Y|2Y2_21Y21

Yiiax)

Y12(7x14)

Yeqit: " Veqiz TVeqizs T Vequa " Veqis " Veqts T Veq7
Yeqz T Veq2z T Veqa TVeqrs  TVeqze T Veq
Yeg3s " Vegss " Veqss " Vegzs T Veq37 ,(12)
= YVeqas " Veqas " Veqss " Veqar
Yegss " Vegss T Vegst
Yeqss " Veqo7
L Yeqr1 |

: :,YZI (14x7) Y22(14x14)
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Fig. 7. Structure of the nodal admittance matrix Y.

Injection current vector J is directly written according to
Fig. 6:

. T . T
J = [0(6x1) ~Jwis_ca é']lf(lxéi) Jg(lx()):| £ |:J£X(]><7) EJ;J(lx14>:|
Jtr :|:_‘]lr71 JtrJ _Juj Jlr72 _Jlr73 Jtr73 _Jtr74 Jlr74:| (6)

Jc :[_JHISJI Jmsfa _Jmsfcz Jms,cz _Jl-ns,c_% JHIs,c3:|

According to Fig. 6, the node voltage equation of the PM is:
Yv=J (7)
Rewrite (7):

JEQ :JEX _)712Y2721JIN :[jeql jeq2 jeq3 jeq4 jeqS jeq6 jeq7 :|T ’(13)
where yeqi(i=1,2,...,7; k=1,2,...,7) are nodal admittances of
the EC. As Ygq is symmetric, the lower left corner elements
are in gray for better redability. jeqi(i=1,2,...,7) are injection
currents from the reference node to nodes 1 to 7 respectively.

C.Modeling for the Arms

In [3], the cascading of arms uses a lot of matrix operations,
which slows down the simulation speed. A method with better
performance is presented as follows.

In PM, external nodes form four ports. The circuit isolation
feature of the four-winding transformer makes the ports strict
ports wherein the input and output currents are equal.
Therefore, Yeq and Jeq have more characteristic forms:

I 1 -1 1 -1 1 1]
8 4 1 812 41 813__1 1 814

1 -1 (1 1]
8» 8 824

-1 1 -1 1 ., (14

83 834

84 |
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Jo=[h 4 & -, 1, 1, -], (15)

where g (1=1,2,3,4; k=1,2,3,4) are the port admittance
coefficients. [i(i=1,2,3,4) are the input port currents. The last
column of Y, only contains single values because the rows
and columns of the reference node NDC are removed.

Based on (14) and (15), the port equation is obtained:

i

2 8 8z gl3§gl4 Vil L,
i : % l
.p2 _ 81 8x» g23:g24 P2 2 7 (16)
By | | 81 82 8318 (| Vs | |k
i 814 82 83484 Vs l

where i,; and vi(i=1, 2, 3, 4) are the port currents and voltages.
PA-NA, PB-NB, and PC-NC ports are defined as the input
ports. PDC-NDC port is the output port.

Rewrite (16) in partitioned matrix form:

i g. . g v, (o]

in(3x1) in-in(3x3) in-out (3x1) in(3x1) in(3x1)

. = + .(17)
lum(lxl) gom—[n(lx}) goul—om(lxl) voul(lxl) _Jou/(lxl) i

Re-arrange (17) and obtain & and ji as in (18)-(20):
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A ]
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A ) 8 812 83 20
. x 1
Jn = l » in-in—| 812 822 8 -(20)
1
-1 813 823 833
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The input ports of PMs are connected in series. Thereby,
they have the same current. The output ports are in parallel, of
which the voltages are equal. Then, the arm input voltage
Vinarm and output current i, are obtained by adding the & and

Jn of all PMs:
2 N i N
.marm — hk { m } + jhk ,
|:lomall :| kgl vnut k=1
where N is the number of the PMs in an arm.

Re-arrange (21) to make i;, and ioun On the left-hand side of
the equation and we can obtain:

2D

iin vinarm .
] = Yurm + -’arm * (22)
loumll vout
Equation (22) indicates the equivalent circuit of the arm, in
which Yum is the final result of the arm equivalent admittance
matrix, and jum is the arm injection current.

D.Blocking State Circuit

In the blocking state, all the IGBTs are turned OFF. Diodes
are uncontrollably turning ON and OFF. The gate signal no
longer determines the resistance of a switch group. To
simulate such a situation, special modifications should be done
on the equivalent circuit. Generally, the blocking state circuit
is obtained by analyzing the operation states of the network. In
[3] and [15], an additional blocking circuit is established to
describe the blocking state dynamics. When the PET is
blocked, the additional circuit will replace the normal
operation circuit. The state variables (mainly capacitor and
transformer history current source values) are transferred
between the two circuits when the operating state changes.
However, this approach is slow and inconvenient to program.

In this paper, an integrated blocking state circuit is
introduced. The blocking state circuit analysis is given first.
The freewheeling process of the transformer is rapid in the
blocking state. It can be considered as finished immediately.
As a result, the MAB side switches are all set as large resistors.
The situation is not the same on the CHB side. Although all
IGBTs are turned off, there are still currents flowing through
the capacitors and freewheeling diodes as long as the input AC
port voltage of the H-bridge is larger than the capacitor
voltage, as the solid and dashed lines show in Fig. 8. Three
phases are symmetrical, only phase A is shown.
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Fig. 8. Current paths of the blocking state.
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To simulate the blocking characteristics, a three-phase
diode H-bridge is added to the diamond arm EC to regulate the
blocking state current paths, as shown in Fig. 9. To facilitate
understanding, the original structure of arm EC is illustrated in
Fig. 9, but it should be noted that the arm EC has already been
equivalent to a diamond circuit. In each phase, two identical
diode H-bridges are connected across the upper and lower
arms, respectively. BRK1 to BRK4 are the switches that
determine the operation state of the bridge. The detailed
operation mechanism of the three-phase diode bridge will be
introduced later in this subsection.



BRK2 [
D,Z
U

[
Fig. 9. Three-phase diode H-bridge together with the arm equivalent
circuit.

Under normal operation state, BRK1 and BRK4 are turned
on; BRK2 and BRK3 are turned off. The three-phase diode H-
bridge is bi-directional with a very small resistance, which
does not affect the normal operation of XET-PET.

During the fault blocking state, the current flowing over PM
capacitors is unidirectional because S; to S4 are turned off so
that the diodes are uncontrollably conducting the current to a
fixed direction, see Fig. 8. In order to simulate this operating
condition, BRK1-BRK4 are turned off in the simulation
program. The diode H-bridge becomes uncontrollable to
regulate the current flowing over PM capacitors. Moreover, to
receive the arm current, G| and G4 (corresponding to S; and S4)
are set as a small resistor (0.001 Q). G> and G3 (corresponding
to Sz and S3) are set to a large resistor (10° Q). Gs to Gs and
Gas to Gog are set to large resistors because the current of the
MAB circuit (framed by the blue box in Fig. 8) is 0.

Three-phase diode H-bridge

—

T

[

Three-phase diode H-bridge

(= T I
BR( — s T = )

T
BRK|
BRKI ZF— D, D; | acme
N
(ofh BRK3 "TT

1B (70fﬂ

2 ~ H |
(on) : !
- — I 1
DN | ZN || BRE e
T D | (on) AC/DC
2= = T
Rever;e current does not !

© flow over capacitor

_ _ (b)

Fig. 10. Charging current paths in the XET-PET (upper arm): (a)
general method; (b) BRK4 on and BRK3 off.

Referring to Fig. 9, BRK1 and BRK4 are turned off and
BRK?2 and BRK3 are turned on during the start-up charging
process to realize the uncontrollable charging. The charging
current path of the upper arm is shown in Fig. 10(a), which is
the same as the lower arm. However, this scheme will cause a
sudden voltage change in the MVDC side when the PET is
deblocked [27]. A feasible solution is to slow down the
charging speed by turning on BRK4 and turning off BRK3

s

N |¢

during the start-up charging. In this way, the inverse current
(dotted blue) does not charge the PMs, as in Fig. 10(b).

By integrating the three-phase diode H-bridge into upper
and lower arms, and with the appropriate control scheme of
the H-bridges, the blocking function is realized without
additional circuits and complex state variable transmission.

E. Inverse Solution of the Circuit

Until this stage, the modeling is accomplished. Once the
ECs of all arms are obtained, they will be interfaced with the
external system network in the EMT simulation tool
(PSCAD/EMTDC, etc.). PSCAD/EMTDC will solve the
network and obtain the voltages of every node. The external
node voltages of arm ECs are used to solve the internal node
voltages and update the history terms. The inverse solution
process is illustrated in Fig. 11. Arm node voltages are
obtained from the EMT solver, with which the PM node
voltages, internal capacitor voltages, and internal currents will
be calculated.

O External nodes
@ @ Internal nodes
- Node voltage transfer

: . ? a—
From EMT sélver X Fr(mi EMT solver
T A @ |
'l ......... I‘

2 4

—o

&

oO—

Power module
am —— )

Fig. 11. Schematic diagram of the inverse solution.

The modeling and parallelization steps are summarized in
Fig. 1. The modeling procedures are on the left side. The
blocks on the right side explain how the parallelization is
integrated into the proposed method. The UMEC transformer
model is the foundation to build the PM companion circuit.
The node elimination method is used to obtain the PM
equivalent circuit in which the internal nodes are eliminated.
With the efficient cascading scheme, the PM equivalents are
connected to form the arm equivalent circuit. At last, the
three-phase diode H-bridge are added to the equivalent circuit
to realize the blocking function. After the EMT solution, a
necessary inverse solution is carried out to update the history
terms. Thanks to the modularized structure of XET-PET, the
calculation of UMEC transformers, PMs, arms and inverse
solutions are parallelized because the calculation of one
module does not rely on the result of another one. The
simulation procedure using the proposed method can be
presented as the following pseudocode in Algorithm 1.

After modeling and programming, the proposed model can
be used as a Blackbox in a user-defined library in EMT
simulation tools. The configuration of the proposed model is
easy. Users only need to input the circuit structure and
necessary electric parameters, and connect it with the external
system.



Algorithm 1: Modeling process for complex PET using parallel computing
1 obtain power module companion circuit
2t—0

3 while t<=t_max do

/lsimulation begins

/ICalculate ECs of power modules.
L is the number of arms, normally
3or6

~

for i1 toL do

5 #begin parallel calculation
6 for k1 to M do
7
8

/IM is the number of power modules
in an arm

calculate EC of PM(i,k)
calculate h(i,k) and j(i,k)
9 end
10 #end parallel calculation
11 initialize Ay, (1) and jam(i)

12 #begin parallel calculation
13 for k—1 to M do

/ICalculate arm equivalent

14 Ran(1) = har(i) + h(iK)

15 Jarm(i) = Jarm(@) +j (1K)

16 end

17 #end parallel calculation

18 calculate Y,,(1) and jom(i)

19 end /IEnd EC calculation

20  overlay arm ECs onto EMTDC system

21  EMTDC solution by PSCAD

22 #begin parallel calculation

23 inverse solution to obtain eliminated node
voltages and update history terms

24  #end parallel calculation

25  tett+At

26 loop

//At is the simulation step

[l HARDWARE EXPERIMENT VALIDATION

A down-scaled PET prototype of the XET-PET is built to
validate the proposed method, as shown in Fig. 12. The high-
voltage side consists of three identical boards which are
connected to the three phases. Each PM capacitor is made up
of three small capacitors in parallel. Delfino™
TMS320F2837xD DSP is used as the controller. IGBT
triggering signals are generated from the Cyclone IV FPGA.
Parameters of the prototype are in the given TABLE L.

TABLE |
PARAMETERS OF THE XET-PET PROTOTYPE

Symbols Parameter Description Values
Ryartup Start-up resistor () 100
Seys System fundamental frequency (Hz) 50
VL -Lrated Line-to-line RMS voltage on AC grid side (V) 30
VeiRated Rated capacitor voltage in CHB side (V) 40

Ceup CHB side PM capacitance (uF) 4700%3

Cmas MAB side PM capacitance (uF) 4700x3
Veoorated LVDC rated output DC voltage (V) 10
Ricaa MaB LVDC output load () 20

A detailed model (DM) with the same parameters as the
prototype is also established in PSCAD/EMTDC. Fig. 13 and
Fig. 14 show the comparisons of experimental results and
simulation results.

In the simulation model, the hysteresis characteristic of
transformer iron cores, the non-linear switching characteristics,
and the parasitic parameters are not considered. Therefore,
during the start-up process and steady state, there are errors

between the experiment and simulation results. In Fig. 13,
after isolating the start-up resistor, the periods and envelopes
of the two curves match well. The maximum error is 0.1441A
(3.57%) in the first peak.
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Fig. 12. Prototype of XET-PET: (a) CHB side H bridge, capacitor, and
MAB input side H bridge; (b) four-winding transformer, MAB output
side H bridge, and MAB side capacitor.
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Fig. 13. Experimental and simulation results: AC current.
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In Fig. 14, the comparisons of Uydc and fidc in time-domain
are given. To better compare the accuracy of the simulation
models, the fast Fourier transform (FFT) results of experiment
and simulation results are given as well. It is seen that the
absolute errors between experiment and simulation at the
fundamental frequency (1000 Hz) and odd harmonics (3000,
5000, 7000 Hz) are very small for both Uy and Iirqc. There are
two reasons why the percentage current error at 5" and 7%
harmonics are high. One is that some of the characteristics like
parasitic parameters are ignored, which smooth the simulation
current. The other is the base value is small so a very small
absolute error can also lead to a large relative error. However,
the dominating fundamental current is accurate enough to



reflect the dynamic of the current output and therefore, the two
current curves match well.
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Fig. 14. Low-voltage side voltage and current: (a) voltage; (b) current.

The experimental results indicate that digital simulation is
capable of reflecting the dynamics of the physical device. In
the following section, the DM will be used as the benchmark
to compare with the equivalent model (EM) to validate the
proposed method further.

V. SIMULATION VALIDATION

In PSCAD/EMTDC, the DM established by individual
components and the EM proposed in this paper are compared
in terms of accuracy and time efficiency.

A.Accuracy Test I: Individual XET-PET

First, the accuracy of individual XET-PET, as shown in Fig.

2, is tested. Parameters of XET-PET are listed in Table II. On

the CHB side, the CPS-PWM is adopted to control the

capacitor voltages. As for the MAB side, the SPS control is
used to maintain the LVDC side capacitor voltages.
The working condition is set as follows:

1) Startup: in the first 0.3 s, the PET is blocked to charge the
CHB side capacitors. During 0.3 - 0.8 s, the CHB side is
de-blocked, and the CPS-PWM control is activated, then
the CHB side capacitors start to be charged with a fixed
ramp-up slope. After 0.8 s, the SPS control acts to charge
the MAB side capacitors. The system reaches a steady-

state at r = 1.0 s.
2)LVDC fault: at t = 1.5 s, an LVDC fault occurs, and MABs
are blocked at 1 = 1.502 s. The fault is cleared at t = 1.6 s,
and the PET is de-blocked and restarts at r = 1.602 s.
3)MVDC fault: At t = 2.0 s, an MVDC fault occurs and the
PET is blocked at t = 2.002 s. The fault is cleared at t =
2.1 s. the PET is de-blocked and re-starts at r = 2.102 s.

TABLE Il
SYSTEM PARAMETERS OF THE XET-PET

Symbols Parameter Description Values
Mpy Number of PMs per arm 4
Xacupu AC Transformer's leakage inductance (p.u.) 0.15
Seys System fundamental frequency (Hz) 50
Line-to-line RMS voltage on AC grid side
VL-Lraled 115
&V)

VL -Lvalve Line-to-line RMS voltage on valve side (kV) 10.5

A\ AC transformer’s rated capacity (MVA) 2.5
Veirated Rated capacitor voltage in CHB side (kV) 5
Voirated MVDC rated output voltage (kV) 20
Porated MVDC rated output real power (MW) 0.8

Ccnp CHB side PM capacitance (uF) 1000
Rload_CHB MVDC output load (Q) 500
Rated capacity of high-frequency transformer
N (MVA) 0.1875
X High-frequency Transformer's leakage 0.188
hitrPU inductance (p.u.) ’

v High-frequency Transformer's CHB side 5

ul voltage rating (kV)

v High-frequency Transformer's MAB side 075

2 voltage rating (kV) )
Cyvag MARB side PM capacitance (uF) 3500
VorRated LVDC rated output DC voltage (kV) 0.75
Rload_MAB LVDC output load (Q) 0.703

Fig. 15 to Fig. 17 show the converter-level dynamics. CHB
capacitor voltage (the first capacitor in phase A) and LVDC
capacitor voltage of the stages 1) — 3). The results show that
EM agrees with DM well. The maximum relative error (MRE)
is 2.99%, 4.20%, and 2.75% at t = 1.069 s, 1.643 s, and 2.583
s, respectively.

¢ ——DM ----=-EM

~ MRE: 1.12% at 0.404s . J I
z 4 L MAB, l ]
< ; deblocked; 5.1
— CHB .
< 2 | deblocked ' 5.0 V\[W\N\]\
) ! . L 1
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i 075 Lo AV
805 F : :
2 1.00 1.05 : MRE: 2.99% at 1.069s
b 0.0 1 1 1
0.0 03 05 0.8 1.0 1.5
Time (s)

Fig. 15. Startup capacitor waveforms.
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3% and 1%, respectively. In Fig. 20(b), the AC grid voltage
U, swells 10% at t = 1.5 s, goes back to normal at r = 1.53 s
and then sags 10% at r = 1.56 s. Fig. 20(c) shows that a three-
phase short-circuit fault occurs at = 1.5 s and the PET blocks
at t = 1.505 s. It can be seen that the results of EM and DM
agree well during the transient processes, indicating that the
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Fig. 16 LVDC fault capacitor waveforms.
50 DM - - - EM
: MVDC fault MRE: 0.83% at 2.964s
S\ 51 CHB & MAB blocked
=~ 50
—49
54.8
D 4.7 1

=
zf.o 21 22§ 24 2.6 2.8 3.0

'faultdeared 1
.CHB deblockecl MAB deblocked

1
/\/[RE 2.75% at 2.583s
1
1

Tlme (s)
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As for system-level dynamics, during 0 - 3.0 s, the MVDC
voltage and the output power of the MVDC and LVDC ports
are shown in Fig. 18 and Fig. 19. It shows that the EM can
reflect the transient and steady-state characteristics of DM
very well.
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Fig. 18. Overall MVDC voltages.
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Fig. 19. Overall sum power of MVDC and LVDC ports

Moreover, the voltages and currents under harmonic
injecting, AC grid voltage sag/swell, and AC grid three-phase
fault are tested. Fig. 20(a) shows the transients after injecting
harmonics into the AC grid at £ = 1.5 s. The 3%, 5%, 7% and 9*"
harmonics are injected into the AC grid in amounts of 8%, 5%,

EM has the full ability to capture the dynamics of various

transients.
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Fig. 20. Comparisons of DM and EM under various transients: (a)
harmonic injecting; (b) Uac swells/sags; (c)three-phase short-circuit
fault on AC grid.

B.Accuracy Test Il: Xiaoertai Distribution Network

The structure of the Xiaoertai distribution network is shown
in Fig. 21. The XET-PET works as an energy router to connect
PV station, supercapacitor bank and AC/DC loads. AC and
DC voltage levels are marked in the figure. The power flow of
the equipment in the network are shown in TABLE III, in
which the positive values indicate the power is flowing out of
the XET-PET and the negative values indicate the power is
flowing into XET-PET. Fig. 21.

TABLE IlI
POWER FLOW IN XIAOERTAI DISTRIBUTION NETWORK

Equipment Power flow

PV station -0.3 MW

AC load 0.89 MW

DC load 0.28 MW

AC grid -0.9 MW

XET-PET (10 kV MVAC port) -0.9 MW
XET-PET (£10 kV MVDC port) -0.28 MW
XET-PET (750 V LVDC port) 1.16 MW

Fig. 22(a) shows the dynamics of power redistribution when

AC load steps from 0.89 MW to 2.1 MW at ¢ = 4.5s. Fig. 22(b)
shows the results when AC grid frequency drops to 49.5 Hz at
t =4.5 s. It can be seen that the EM matches well with the DM
during dynamics.

—— MVDC port — AC grid

—— LVDC load —— AC load

T T T
2 ' Step from 0.89 MW

E [ to21MW
L

'2_|||
0123

= 2] { l

=

S0 :

Q‘k\hv—v—v—v—
'2_|||| -

0123456728910

Time (s)

(@

—— MVDC port — AC grid
—— LVDC load —— AC load

4,5 6 78 910

1.2
g { Freq. drops to 49.5Hz
E0.0
R
12 [ R T T T T T
0123 4:5678 910
1.2

456 78
Time (s)

=)
—_
=)

(b)
Fig. 22. Simulation results when a disturbance occurs at t = 4.5 s: (a)
AC load steps from 0.89 MW to 2.1 MW; (b) grid frequency drops to
49.5 Hz.

The simulation result leads to the result that the proposed
model can precisely describe the dynamic characteristics of
the external system in time-domain and therefore, it can
capture system instabilities and reflect them through the
changes of the electrical quantities of the system.
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C.Speedup Factor Test

The DM and EM of the XET-PET models with 4, 8, 10, 20,
and 30 PMs per arm are established in PSCAD/EMTDC. The
simulation time-step is set to 5 us, and the duration is 1.5 s.
The CPU is Intel(R) Core(TM) i9-10900K @ 3.70GHz. The
CPU time is recorded by the PSCAD/EMTDC built-in
function. The speedup factor and parallel factor is defined as:

tEM

factors range from 3 to 5, as the orange columns show. The
parallel factor is 1 to 2 times, as the blue columns show. The
speedup capability and the acceleration effectiveness using the
parallelization are related to the number of cores. However,
although some multi-core processors have a high speedup
factor, their overall performance is not obvious. Consequently,
its simulation time is still long after speedup, as shown in
Model 2, where the speedup factor is 4.81 but the simulation

f . .. .
F=-DM_| szt (23)  time of EM is still up to 131.41 s. Fig. 23 proves that the
Tent_p EM_p proposed model is applicable on various CPU models, and is
TABLE IV able to effectively accelerate the simulation speed.
SPEEDUP FACTOR TEST I Spccdup factor
EM CPU time
‘ Parallel [ ] Parallel factor
Number CPU time NOT lel Speedup factor
of PMs (tow) paralleled Pzgal e)"d factor (F) () fong 302975 10632525 oy 378.01s fpy: 499315
(tem) - ’ fonpi 5925 ipy i 131415ty s 107285 gy 144.78s
4 302.97s 110.01 s 59.20 s 5.12 1.86 r
8 1800.01 s 185.84 s 83.00 s 21.69 2.24 5.12 481
10 2566.34 s 21942 s 85.25s 30.83 2.56 :
20 34068.77 s 408.09 s 129.78 s 262.51 3.14
30 11620538 s~ 594.78 s 157.45 s 738.05 3.78 3.52 3.45
*OpenMP is used for parallelization 3k
According to TABLE IV, the proposed modeling method is 1.88 1.79
capable of realizing a remarkable simulation acceleration. L38 1.12
From fpm and fgm, it is seen that the node elimination method
increases the simulation speed by 116205.38/594.78=195.38
Model 1 Model 2 Model 3 Model 4

times when the PM number is 30. After employing parallel
computing, the simulation is further accelerated by about 4
times, resulting in a speedup factor of 738.05.

The performance of the CPU model is also a factor that
influences the simulation speed. In the same simulation
configuration, the speedup and parallel factors of the proposed
method are evaluated under the following 4 CPU models.

1) Model 1: Intel® Core™ i9-9900K @3.7GHz 3.7GHz(10
cores).

2) Model 2: Intel® Xeon™ E5-2670 v2 @2.5GHz 2.5GHz
(Dual Processor) (20 cores).

3) Model 3: Intel® Core™ i7-10710U @1.1GHz 1.61GHz (6
cores).

4)Model 4: Intel® Core™ i7-7700HQ @2.8GHz 2.8GHz (4
cores).

From Fig. 23, an obvious speedup is achieved with the
proposed method under all 4 CPU models. The speedup

Fig. 23. Comparisons of the speedup factor under different CPU
models.

Compared with the detailed model, the proposed model is
significantly accelerated, due to the two main reasons:

1) The internal nodes are eliminated in the proposed model.
For the XET-PET, the number of nodes is 17N+5 (N is the
number of PMs) per arm in the detailed model. But in the
proposed model, the node number is always 14. The
computational burden is therefore remarkably reduced.

2) Parallelization is employed in the proposed model to fully
exploit the performance of multi-core CPU to improve the
calculation speed.

At last, the performance of the proposed equivalent model
(EM) is compared with the detailed model (DM), averaged
value model (AVM) [9] and high-speed equivalent model
(HEM) [15] in terms of system-level and internal accuracy,
speedup capability and applicability, as shown in TABLE V.



TABLE V
COMPARISON WITH DM, AVM AND HEM

Items DM AVM HEM EM
System-level ok ek ok Kok ke Hok ek k Hok ek k
accuracy
Internal accuracy L 3.8.2.2 1 Yol dedede L 2.2 24044 > e de
Speedup capability = Frririess ek k L 3.3.2 o4 ek Fe
Applicability ek ke ok k K ke e ek ke ke ok 3k ke k

*More stars (%) indicate better performance.

As the benchmark model, the DM is accurate and applicable
in various situations, but the simulation speed is very slow.
AVM is fast but sacrifices accuracy, and it is inapplicable
during fast transients because high-frequency responses are
lost. HEM and EM balance the simulation speed and accuracy,
and they are applicable in modeling MMC, PET and other
modularized topologies. However, some of the internal
dynamics of HEM are not accurate because the circuit is
decoupled with a one-step approximation in the transformer
equivalent algorithm. EM has high external and internal
accuracy because its circuit is not decoupled. The drawback of
its coupling circuit is low efficiency. However, this issue is
improved by parallel computing.

V. CONCLUSION

In this paper, a modeling method using parallel computing
is proposed for complex modular power -electronic
transformers. In the proposed method, a four-winding UMEC
transformer model is derived and employed in the XET-PET.
The order of the nodal admittance matrix is reduced using the
node elimination algorithm to construct the PM equivalent.
Taking the advantage of the particular pattern of Yrq and Jgq,
the equivalent method of the bridge arm is improved to avoid
matrix calculation, which is beneficial to reduce the simulation
time further. The blocking state circuit is integrated into the
normal operating circuit without involving an additional
circuit. Throughout the modeling process, the individual
calculations are parallelized to remarkably accelerate the
simulation speed.

Hardware experiment demonstrates that the DM is
sufficient to reflect the dynamics of physical devices. Then
DM and EM are established in PSCAD/EMTDC to test the
accuracy under the startup, steady-state, and fault operation
conditions. A distribution network of XET-PET is also
established to test the performance of the proposed model in
an area network. The simulation results show that the
proposed modeling method is sufficiently accurate, with a
maximum relative error under 4.2%. The speedup factor test
shows that the proposed method can accelerate the simulation
by 2 orders of magnitude. Parallelization contributes to the
simulation acceleration by 2 to 4 times.

However, there are certain limitations of the proposed
model as well. The voltages and currents of eliminated nodes
cannot be measured directly. It requires an inverse solution
step with (11). Additionally, the three-phase diode H-bridge
cannot be simplified together with the arm equivalent circuit.

Model developers must use the embedded diode component of
the simulation tools to deal with blocking state situations.

As the proposed method reduces the computational burden
and properly designs the paralleled structure of the model, it is
independent of the platform or simulation pattern. Therefore,
it is suitable for large-scale system-level EMT simulations and
can be applied in real-time simulations. Also, the proposed
method is designed for modularized topologies. It is applicable
for other configurations like CHB-PET and MMC as well.
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