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Abstract—Electromagnetic transient (EMT) and transient
stability hybrid simulations are predominantly used to analyze the
interactions between HVDC systems and the ac grids. However,
the dynamics of the converters will be greatly affected by the wave-
forms of adjacent ac systems. Waveform distortion as well as time
delay caused by interfacing can significantly increase interface
errors, resulting in the decrease of the overall accuracy of the simu-
lations. To solve such problems, a dynamic phasor based interface
model (DPIM) is proposed in this paper to improve the accuracy of
interfaces, especially when the fault occurs near the converters. In
doing so, the whole system is partitioned into three parts: the tran-
sient stability (TS) subsystem, the EMT subsystem, and the DPIM.
During each iteration, the interfaces between the TS subsystem and
DPIM are represented by their Norton equivalents at the funda-
mental frequency and Thevenin equivalents in the dynamic phasor
form. Similarly, the interfaces between DPIM and EMT subsys-
tems are represented by their three-phase Norton equivalents and
Thevenin equivalents in dynamic phasors, respectively. The effec-
tiveness concerning the accuracy and the efficiency of the proposed
method is validated by simulating a practical HVDC Project.

Index Terms—Dynamic phasors, electromagnetic transient
(EMT), HVDC, hybrid simulation, interface model, transient
stability.

I. INTRODUCTION

INE commutated converter (LCC) based HVDC system
L is often adopted for transmission of large-scale renewable
energy, such as the Qinghai=Tibet HVDC project in China
[1]-[4]. In order to analyze the interactions between HVDC and
AC systems accurately.and efficiently, the EMT and TS hybrid
simulations is often used [5]-[9]. For hybrid simulations,
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the power system is first partitioned into one TS subsystem,
different EMT subsystems and_the interface model according
to different levels of detail. And the interface model is used to
reflect the interactions between them. The hybrid simulations
can satisfy both the accuracy requirements of detailed power
electronic devices and the efficiency requirements of large-scale
power systems, as the power grids are‘simulated with a large
time-step TS program. and local detailed power electronic
systems are simulated with small time-step EMT programs.
Previous studies of hybrid simulations mainly focused on im-
proving the accuracy of the interface model as well as the overall
efficiency [6]-[11]. Particularly, the waveforms of adjacent AC
systems have a great impact on the dynamic characteristics of
the HVDC converter, especially if the effective short circuit ratio
(ESCR) is lower than 2.5. When the fault nears the interface bus
of the converter, the decreased accuracy of the interface model
will reduce the overall simulation accuracy greatly. Moreover,
one interaction step delay exist for the calculations of parame-
ters of the interface model. Therefore, developing the interface
model is the key to improving the overall simulation accuracy
of the hybrid simulations. Norton/Thevenin equivalents in the
time-domain are generally adopted as the interface model be-
tween TS and EMT subsystems, where the interface line is rep-
resented as the PI-section branch [6], [7]. In [6], the influence of
frequency on the parameters of interfaces are taken into account
to improve the accuracy of interfaces in the EMT subsystems.
One method to improve the accuracy of the interface model in
the EMT subsystem is the frequency dependent network equiv-
alent (FDNE) method [8], [9]. However, its drawback lies in the
relatively low computational efficiency and spurious transients
during a switching operation of a new FDNE model. In [11], the
waveform distortion problems of EMT subsystems are mitigated
by extending the interface buses far into the AC grids in order
to comply with the three-phase balanced assumption. However,
the simulation accuracy of this method is still unsatisfactory and
the efficiency was severely curtailed. When the fault occurs near
the converter, it is very important to improve the accuracy of the
interface model in the TS subsystem, i.e., the Norton equivalents
[12]. Typical techniques include the curve-fitting technique and
the FFT/DFT technique [6], [8]. For the curve-fitting technique,
data in multiple cycles are processed. Therefore, a large amount
of computation affects the efficiency of this technique and the
obtained parameters lack physical interpretations. Similarly, for
the FFT/DFT technique, all the samples during the last cycle
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should be calculated. The problems of the errors induced by the
sampling delays and the large amount of computation still exist.

To resolve the above-mentioned problems, a novel dynamic
phasor based interface model (DPIM) is proposed to improve
the accuracy of interfaces when simulating large-scale AC/DC
systems. The DPIM has the following important features:

1) The principle of DPIM is to use transmission lines as
interfaces, by modeling their dynamic responses using
dynamic phasors.

2) By using the dynamic phasors, the DPIM can improve
the accuracy and reduce the computation of the interface
model in the TS subsystem.

3) The interface model of the EMT subsystem, with its
instantaneous values represented by dynamic phasors,
can be efficiently updated with the proposed DPIM.
Moreover, the errors caused by the sampling delays are
effectively mitigated.

The rest of the paper is organized as follows: Section II
demonstrates the proposed DPIM, including the mathemati-
cal model and its comparisons with the traditional method in
accuracy and efficiency. In Section III, the proposed hybrid
simulation method is illustrated, including its architecture, the
interface models between TS/EMT subsystem and DPIM, and
its overall computational scheme. Section IV verifies the effec-
tiveness of the proposed method through the simulation of a
practical HVDC system. Section V concludes this paper.

II. PROPOSED INTERFACE MODELS
A. Dynamic Phasor Concept

The concept of dynamic phasor comes from the time-varying
Fourier series. The signal x(7), 7 € (t — T,t] with the pe-
riod 7' is expressed in the form of time-varying Fourier sefies
[13]-[15], i.e.,

(1) = Xl T ()90
. < (D
Ti(t) =7 ft; z(F)ekTdr,
where w = 27/T, & (t) is'the k" dynamic phasor of z(7).
When the timewindow with the period of 7" moves along the
time axes, theé dynamic¢ phasors are changed with the time ¢.
Two important featuresyize., the product feature and the dif-
ferential feature of the dynamic phasor, are given as

@Yk =3 T—iYi,

o _dmy o @
aze = (57 g~ JhwZ.

Based on (1)—(2), the corresponding dynamic phasor models
of power system components can be derived. For a component

modelled with its algebraic differential equation

de = Ax(t) + Bo(t), 3)
i(t) = Ca(t) + Do(t),

where x represents state variables; v(t), i(t) refer to the voltage
and the current of the component; A, B, C, D are the parameters.
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Fig. 1. Dynamic phasor based interface model (DPIM).

According to (1)—(2), the corresponding dynamic phasor
model of (3) can be derived

% = Arzi(t) + Bug(8);
ie(t) = CBp(t) + Dog(t),

where A, = A — jkwl.
For simplicity, time variable ¢ is omitted hereafter. And (4) is
rewritten in the real and imaginary part separately as

d i/L'\R’k - A kwl _C/B\R’k ER,k
dt Lﬁl,k} - {—k:w] A ] ire | 0 , and

“

| T,k Vr,k
Q)
7 T (v
iRk | Lo | TR | | VRE | ©)
.k LI,k U1,k
) L

there C/B\R’k = Re(fc\k), C/C\I’k = Im(fL'\k), 6R,k7 ’l/)\I,kH iR,k7
i1, are the real and imaginary part of the voltage and the
current, respectively.

The k'" dynamic phasors of voltage and current are calculated
after solving (5) as follows

{'Uk = VR,k + JUI,k,

ik =Rk + IO k-

N

B. Dynamic Phasor Based Interface Models

In previous studies, the dynamic phasor technique is widely
used for the quasi steady state model of power electronic devices
to improve the simulation efficiency [16]-[19], but has not been
applied for hybrid simulations. As the technique derived by
dynamic phasors can not only provide the instantaneous values,
but also steady-state phasor values, it is more suitable to derive
the interface model for hybrid simulations.

Generally, in the simulation of TS subsystems, the frequency
concerned equals to or less than 50 Hz [5]. Moreover, all the
transmission lines in the TS subsystem are modeled by the lump
parameter circuits, i.e., PI circuit model [8]. Therefore, the im-
pact from the TS subsystem on the EMT subsystems will include
only the electro-mechanical dynamics, and the PI-section model
is accurate enough to capture the interested electro-mechanical
dynamics. Correspondingly, the interface line, represented by
the PI-section model, is derived by dynamic phasors and named
as the DPIM (see Fig. 1). The DPIM is implemented as a
customer-defined module in the EMT program that calculates
parameters of interfaces. The derivation of the DPIM is given
as follows.
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First, the corresponding differential equation of interface line
from node m to node n is given as

(ﬂm )k == (/i\mn)k [R + (p + ]w)L} + (an)kv

(p + jw)c(am)k = (im)k - (/i\m,n)kw (8)

~ o~

(p + jw)c(an)k = (in)k + (im.n)kw

where R, L are the line resistance and inductance; C' is the
capacitor value; p = d/d(twp); wp is the base value of angular
velocity; (U, )i, (0, )y are the k' dynamic phasors of voltages
of node m and n; (?m,n)k is the k" dynamic phasors of the
branch current.

After rewriting, (8) is transformed as

d(im )ik R ) re X (o) 1+ (@ ) o =W ) R

dt = wB I B
dGm n)[.k =w _R((/;m H)I.k _X(Tmn)[(,.k“'(am)IAk_((ﬁn)IJ\

dat — B L )
d(Um )Rk Xe (U )1 b+ G )Rk —Cimn )1k

a . WB c ) )
d@n)rn o =Xo @ )ptt o)k =(imn) 1k

dt — %B C )
d(Un )R .k —w Xe @)1+ )+ Gma)rk

dt —“B c )
d@) ik _ =X @) r+Gn)r e =Cma)r

dt =wp C )

where X is the capacitance; the subscripts R, I denote the
real and imaginary parts of dynamic phasors. (9) is the cor-
responding state-space equation of DPIM. In particular, when
k =1, (9) gives the positive-sequence dynamic phasor model.
This model can provide instantaneous interface variables but
also fundamental frequency values of the positive sequence.
Similarly, when & = —1, values in the negative sequence can
also be derived.

C. Comparisons With Traditional Interface Model

The specific computational step of calculating parameters
of interfaces is compared between the proposed DPIM and the
DFT/FFT technique. Forhybrid simulations, the FFT/DFT tech-
nique is generally uséd to extract fundamental values of EMT
subsystems [12]. Taking use of the symmetry and periodicity of
DFT coefficients, the FFT technique‘s more efficient than the
DFT technique, but their principlés are the same [20]. Taking
the interface current/(k) as an example, its corresponding DFT
expression 1§ given as

Ik) = Y2 i(n)e 50k,
0= & 3 Ty,

where IV is the number of samples during a sampling cycle.
According to the reference [20], the computational complexity
of FFT is in the order of Oppr = O(Nloga N). For the pro-
posed DPIM, if (9) is derived by the Trapezoidal algorithm, two
additions and four multiplications are required for calculations
of each differential equation. And thus the computational com-
plexity is Opp = O(Ck), k < 3 where k is the maximum order
of dynamic phasors and C' is constant less than 50. As % is much
smaller than N (N is normally more than f,/f = 400, where
fs is sampling frequency, which equals 2000 Hz in our case,

(10)
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Fig. 3. Comparisons of interface currents under different methods.

f is system frequency, which equals 50 Hz in our case). Ob-
viously, the computation complexity of the proposed DPIM is
much smaller than that of the FFT technique. This is one reason
why the proposed DPIM is more efficient than the FFT tech-
nique. On the other aspect, as the interface circuit is modeled
by DPIM, the nodal conductance matrix of the EMT subsystem
can be reduced slightly, and the overall simulation efficiency
will be further improved.

For better illustration, the IEEE 9-bus system with the con-
stant R-L load (see Fig. 2) is used for the case studies to demon-
strate the advantages of DPIM in accuracy improvement over the
DFT/FFT technique. As shown in Fig. 2, the IEEE 9-bus system
is located in the TS subsystem, while the constant R-L load is
placed in the EMT subsystem. They are connected through an
interface line. One of the tested cases is to trigger a three-phase
fault on the bus feeding the load at £ = 0.5 s. The fault lasts
for 200 ms and then disappears. The transient responses are ob-
tained by the hybrid simulations with both the DPIM and the
FFT/DFT techniques. The time steps of TS/EMT subsystems
are 5 ms/20 us, respectively. For comparison, the references
results are obtained by only using the EMT simulation with a
time step of 20 us. All results are displayed in Fig. 3.
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Fig. 4. Interface models between DPIM and EMT/TS subsystems.

It can be seen that the results of DPIM are more accurate than
those of the FFT/DFT technique. Moreover, the latter suffers
from the errors induced by the sampling delays. As a discrete
method, the FFT/DFT technique has the simulation output re-
main constant during the sampling intervals (1 ms). As a result,
significant errors are caused by the FFT/DFT technique in the
EMT subsystem when the time step is 20 ps. Therefore, the
proposed DPIM can improve the accuracy of the interface val-
ues. And thus the accuracy of the overall simulation is greatly
enhanced.

III. HYBRID EMT-TS SIMULATION

A. Hybrid Simulation Using DPIM

As shown in Fig. 4, the hybrid simulation starts with the sep-
aration of the whole AC/DC systems into EMT and TS subsys-
tems, where the interface lines are represented with the DPIM.
The DPIM and EMT subsystems are simulated under the same
EMT program, where DPIMis implemented by the customer-
defined module. The TS subsystem.is simulated under the TS
program. Among the three parts; the most detailed part cov-
ering the widest frequency range is the EMT subsystem. The
frequency range.is determined by the time step [21]. If a time
step of 50 us4ds used, the maximum theoretical frequency will
reach 20 kHz, but only up to 10 kHz can be reproduced accu-
rately according to'the Nyquist criterion. The second detailed
part is DPIM, where the frequency range is determined by the
order of dynamic phasors.

Here the interfaces of the proposed hybrid simulation method
have two parts. The first part is the interface between EMT
subsystem and DPIM, where the impact of EMT subsystem on
DPIM is represented by Thevenin equivalents (dynamic phasor
form), and the impact of DPIM on EMT subsystem is repre-
sented by Norton equivalents (three-phase instantaneous form).
During each iteration, the dynamic phasors of interface currents
in the DPIM are converted into three-phase instantaneous form,
the Norton equivalents in the EMT subsystem are then derived.
Similarly, the Thevenin voltages are calculated and transformed
into the dynamic phasor forms, then the Thevenin equivalents
in the DPIM are derived correspondingly. The second part is the
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interface between DPIM and the TS subsystem. The three se-
quence interface voltages in the TS subsystem are converted into
the dynamic phasor form, constituting the impact of TS subsys-
tem onto the DPIM. Then dynamic phasors of interface currents
are calculated by DPIM. These currents are transformed into
the corresponding three-sequence Norton equivalent currents,
constituting the impact of DPIM onto the TS subsystem. The
parameters of interfaces between DPIM and TS subsystem are
delivered via LAN (e.g., TCP/UDP socket server [17]).

The interface models between EMT/TS subsystem and DPIM
will be elaborated in Section B and C, respectively. The general
simulation procedure will be given in Section D.

B. Interface Model Between EMT Subsystem and DPIM

The impacts of EMT.subsystem on DPIM are presented by
Thevenin equivalents (dynamic phasor form), i.e. Thevenin
voltage (42"%)).(#), k =0,%1,4+2.44+ K and Thevenin
impedance 2%¢(t,, ) in Fig. 4, where & is the order of dynamic
phasors; t,, is the m,; simulation step of the TS subsystem. For
simplicity, the interface index will be omitted hereinafter if not
specially mentioned.

Hére, Thevenin voltages (42°¢); (t,, ), k = 0, £1, £2... + K
are calculated in DPIM based on (9). The Thevenin impedance
2ibe(t,,) is given by

%,
2208(t,) = (11)

where R2€(t,,), L*"¢(t,,) are the three-phase resistance and
inductance matrices at time t,,. They can be derived at the
beginning of the simulations.

The impact of DPIM on EMT subsystem is represented by
Norton equivalents (three-phase instantaneous form), i.e. Nor-
ton current ¢ (¢,,) and equivalent conductance y*>(t,,) in
Fig. 4. Based on (9), dynamic phasors of interface current in the
EMT subsystem (12°¢) (t,,), k = 0,41, 42... + K are calcu-
lated, and then the Norton equivalent current in the instantaneous
values are derived as

K
abL § abc
m
k=

Similarly, the Norton admittance, yab(’(tm) can be obtained
from the admittance matrix of each EMT subsystem as

Y ) = [ (t) + J0 L (1 )],

where Rlb( (tm), ngc (t,, ) are the corresponding DPIM three-
phase res1stance and inductance matrix at time ¢,,, .

€

Rabc( m) +ijzbc(tm)7

kafm

(12)

(13)

C. Interface Model Between DPIM and TS Subsystem

For DPIM, the impact of TS subsystem is repre-
sented by Thevenin equivalents (dynamic phasor form),
i.e. Thevenin voltage(4;"%); (¢,,), k= 0,£1,+2... £ K and
Thevenin impedance z"¢(t,,) in Fig. 4 [11]. As the positive,
negative and zero sequence components at the fundamental fre-
quency are considered in the TS subsystem, the order of dynamic
phasors (43°¢)x (¢,,), k = 0, &1 correspond to the Thevein volt-

ages in the zero, positive and negative sequence, respectively.
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The calculations of equivalent impedance 2i¢(t,, ) is similar to

that of the interface between EMT subsystem and DPIM.

For the TS subsystem, the interface is represented by its Nor-
ton equivalents, i.e., Norton equivalent current i:2° (¢, ) as well
as the equivalent admittance y;2°(¢,, ). First, the dynamic pha-
sors of DPIM are derived based on (9). Then, interface voltages

and currents of the fundamental frequency are derived by

{ uabc(tm) = 2(@&1)0)1‘2?1 (tm)"

iabc (tm) — 2(%11})(7)1?11 (tm )

where @3 (t,,), 2% (t,,) are the real part of the first order

dynamic phasors.

Interface voltages and currents in the three sequence domain
ut?0(t,,), i'2°(t,, ) are calculated based on the abc-120 trans-
formation. Finally, the Norton equivalent current i;2°(t,,) is
calculated by

Z-%?O (tm) _ Z-IQO (tm) + y120 (tm)UIQO(tm).

Similarly, the equivalent admittance, y;2(t,,) can be ob-
tained from the admittance matrix of each EMT subsystem, or

Y20 (t) = [R{® (tm) + jwLi® (t,)] 7Y (16)

where R}?%(t,,), L}*°(t,,) are the three-sequence resistance
and inductance matrices at time ¢,,, .

(14)

5)

D. Computational Scheme

The overall computational scheme of the proposed method,
is illustrated in Fig. 5. It has the following steps:

first, the system is partitioned into the EMT subsystem, TS
subsystem and the DPIM after the power-flow initialization.
Then, the EMT subsystem will be simulated with an identical
smaller step h (usually 10-100 ps), while the TS subsystem is
simulated with a much larger step h;. The rate ratio is defined
asn = hys /h. The choice of the rate ratio is dependent upon the
requirement of simulation acetiracy and numerical stability [21],
[22]. Next, different subsystems are simulated in a distributed
and coordinated way. First, the TS subsystem is simulated by the
TS program. And then, interface parameters are transferred from
the TS subsystem.to the DPIM, where the interface variables are
converted from the three-sequence form to the dynamic phasor
form. Next; the intefaces between DPIM and EMT subsystem
are updated. Both DPIM and EMT subsystems are calculated
in the same EMT program, such as PSCAD/EMTDC, where
DPIM is implemented as a customer-defined module.

DPIM and the EMT subsystem are simulated in parallel n
times to fulfil the simulations within a whole time step /.
After that, parameters of the Norton equivalents in the TS sub-
system are updated based on (14)—(15). Then the TS subsystem
is simulated for the same time step h;. Finally, when the total
time (77,.y) 18 reached, the simulation comes to an end and the
results are output.

IV. CASE STUDIES

To evaluate the accuracy and efficiency of the proposed hy-
brid method as well as to compare it with the traditional one [9],
[10], case studies are carried out on a practical HVDC project,
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where the Qinghai-Tibet HVDC is connected to a weak AC sys-
tem (ESCR = 2.45), as shown in Fig. 6. The parameters of the
12-pulse two terminal HVDC is given as follows: the rated DC
power is 800 MW; the rated DC voltage is 400 kV; the rated
DC current is 1 kA, and the length of the DC cable is 120 km.
The 110 kV and 220 kV buses of the main AC grids are shown
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voltage; (d) DC current.

in Fig. 6, where system parameters are referred to [22]. The
power transmission direction is from ChaiA (rectifier) station
to Langtang (inverter) station. In the proposed method, areas
with detailed dynamics are located in the EMT subsystems. For
example, the HVDC associated with its control and protection
system are assigned in the EMT subsystem 3. The simulation
time of TS/EMT subsystem are 5 ms/20 us, respectively. As the
interface variables at the fundamental frequency are transmitted
from the EMT subsystem to the TS subsystem, the dynamic pha-
sors in this paper reserves to the third order. In the simulation
results, DPIM1/DPIM3 refers to results obtained by dynamic
phasors of order 1/3; method in [10] is marked as traditional;
the reference results are obtained by simulating the whole sys-
tem using the PSCAD/EMTDC with an unanimous time step
of 20 ps.

Simulation results will be compared and a metric called the
relative average simulation error is defined to‘quantify the sim-
ulation accuracy

N
1<
€avg — N Z ||xnum,z’ - xref,iH/eref,i”» (17)
i=1

where Ty i, Zrer,; are the 4;;, sample of monitored variable
2 in per unit that are produced by different methods; N is the
number of samples.

A. Three-Phase Fault at Inverter-Side AC Bus

In this seénario, a symmetric fault is appied at the AC bus of
Langtang Station, where the three-phase inductive fault at phase
A starts at £ = 0.8 s. The grounding inductor is 0.1 H and the
fault lasts 100 ms. Results of DPIM1/DPIM3 and the traditional
method are shown in Fig. 7. As can be seen, results of DPIM3
overlaps with the reference, while those of DPIMI and the
traditional method have obvious errors. As can be observed from
Fig. 7(b), through the method of DPIM3, the accuracy of the
fault currents are obviously improved in transient circumstances
compared to the traditional method. The recovery process of DC
voltage and the zoomed-in curves of the DC current are shown
in Fig. 8. From Fig. 8(a), the recovery time of Uy, for both the
DPIM3 and the reference curve takes 0.14 s, while that of the
traditional model takes 0.09 s, which has obvious errors. The dif-
ferences between DPIM3 and the traditional one is because
errors induced by the sampling delays of the traditional method

Curves of the DPIM with different orders in comparison with the traditional method: (a) ac current of the inverter; (b) enlarged curves of a; (c) DC

;q;:;::W'

DPIM3 4
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Fig. 8. Zoomed-in curves of DC voltage and DC current.
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Fig. 9. Curves of the DPIM and the traditional method with different interac-

tion time step lengths.

is larger than those of the DPIM3, resulting in the changes of
damping of the system and affecting the recovery process of the
DC voltage. As is shown in Fig. 8(b) of the zoomed-in curve
of the DC current, the peak value of DPIM3 is closer to the
reference value, reducing the errors from 0.011 pu to 0.002 pu.

According to Figs. 7 and 8, the appropriate order of DPIM
for the proposed method is reserved to be three. The reason is
given as follows: the three-phase balance is generally guaranteed
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TABLE I
COMPARISON OF AVERAGE SIMULATION ERRORS (UNIT: IN PU) UNDER DIFFERENT INTERACTIVE TIME STEPS (THREE-PHASE FAULT SCENARIO

Method DPIM1 DPIM3 TRA

interactive time step/us 2 ms 5 ms 10 ms 2 ms 5 ms 10 ms 2 ms Sms 10 ms

Ui, 0.0251  0.0527  0.0949  0.0030 0.0064 0.0452 0.0500 0.0784 0.1531

Lge 0.0081  0.0179  0.0498  0.0020  0.0034  0.0217  0.0200  0.0399  0.0807

Py 0.0297  0.0505  0.0750  0.0050  0.0077  0.0300 0.0400 0.0760 0.1412

Vinv-a 0.0050 0.0064 0.0248 0.0010 0.0017 0.0155 0.0100 0.0211  0.0443

Linv—a 0.0400  0.0711  0.1041  0.0080  0.0111  0.0496  0.0500  0.1070 _.0.2077
in selecting the interfaces between TS and EMT subsystems. 6 A
This makes the interface variables mostly of the fundamental ar 2@, — 5}12:3 T
frequency. Harmonic components only appear in faulty condi- <0 ﬂ —— phaseC 4
tions, especially following an asymmetric fault. Even so, the %0
interface variables have very small harmonics higher than the Tar T
order of 3 because of the DC filters. Therefore, in our special -4r .
cases of LCC-HVDC system, the appropriate order of DPIM is 6t . . . . L

0.75 0.8 0.85 1y s 09 0.95 1 1.05

3. Those higher (than 3) -order phasors of the DPIM are ignored,
which will not affect the accuracy of the simulation.

Fig. 9 shows the rectifier voltages of DPIM3 and the tradi-
tional one under different interactive time step (= h;s). As can
be seen, with the increase of the interactive time step, errors of
both DPIM3 and the traditional one are increased, but the errors
of DPIM3 increase more slowly. Relative average simulation
errors of different methods are given in Table I. As can be seen,
errors of DPIM3 are the smallest. DPIM3 has obvious improve-
ment in accuracy over the traditional method concerning. the
DC quantities. When the interactive time step-€quals to 5 ms,
errors of DC voltages are reduced from 0.078 pu to 0.006 pu,
reaching an 12 times improvement of accuracy. According to the
analysis in Section II(C), the reason why DPIM3 will achieve
higher simulation precision over the traditional method is that
the interface variables of the current time are obtained and errors
induced by sampling delays are reduced. Asthe interactive time
step increases, the advantages of the proposed method over the
traditional one will be-more obvious, which is also shown in
Table I.

Fig. 10 shows.the positive and négative sequence com-
ponent associated with their dynamic phasors. As is shown,
2(12°) g 1), 2(12P€); 1 (t,, ) afe the envelopes of the pos-
itive and negative Sequence.component of the interface cur-
rents, respectively. Therefore, the first-order dynamic phasor
2(12° ) g1 (tm )y 2(22¢) 11 (t,) can effectively represent the

€
fundamental component of interface currents.

B. Single-Phase Fault at Inverter AC Bus

In this scenario, an asymmetric fault is appied at the AC bus
of Langtang Station, where the single-phase inductive fault at
phase A starts at £ = 0.8 s. The grounding inductor is 0.1 H and
the fault lasts 100 ms. Results of the proposed method and the
traditional one are given in Fig. 11. As is shown, even in the
asymmetric fault, results of DPIM3 are more accurate than those
of the traditional one. From Fig. 11(c) and (d), the recovery
processes of DC voltage and current are more accurate than
those of DPIM1 and the traditional method. The improvement

(a)

0.85 Time/s0.9

(b)

Fig. 10. Interface currents and its dynamic phasors.

of DPIM3 compared with DPIM1 is because during asymmetric
faults, both second and third harmonic components of interfaces
are calculated for DPIM3 while those of DPIM1 are neglected.
The reason why DPIM3 has higher precision than the traditional
method is sampling delay errors can be reduced by the proposed
DPIM3. And these errors will lead to more obvious decrease of
accuracy during asymmetric faults than symmetric faults.

Similarly, the inverter voltages of DPIM3 and the tradi-
tional one under different interactive time step (= h;) are
shown in Fig. 12. As the interactive time step increases, the
errors of DPIM3 increases more slowly compared with re-
sults of the traditional one. The positive and negative se-
quence component associated with their dynamic phasors are
given in Fig. 13. As is shown, the first-order dynamic phasors
2(12°) g 1 (tm ), 2(221¢) 1 1 (t,,) are the envelopes of the positive
and negative components of the interface currents. Therefore,
in the case of the asymmetric fault, the dynamic phasors can
effectively represent the fundamental frequency components of
the interface current as well. Both these two scenarios have
demonstrated that the advantage of the DPIM over the tradi-
tional interface model. That is to say, the proposed DPIM can
provide the intantaneous and phasor values of interfaces simul-
taneously.

To quantify differences in accuracy under different interac-
tive time steps, relative average simulation errors are given in
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Fig. 11. Curves of the DPIM with different orders and the traditional method: (a) ac current of the inverter; (b) enlarged curves of a; (c) DC voltage; (d) DC
current.
0.9 ] C. Analyses on Factors Affecting the Accuracy of Interfaces
o8k T dional(sms) As demonstrated, the primary purpose of the DPIM is to im-
777 DPIM3(5ms) prove the accuracy.of interfaces. Many factors affect the accu-
H o7 gfﬁiﬁﬁéﬁﬁ;‘“ ) T racy of interfaces, such as, interactiontime steps, the time-step
:% 0.6k | of the TS subsystem and. interface line length, etc. It should
be noted that the.accuracy of interface AC currents is more
05r ] sensitive to the parameters of interfaces. From Fig. 14, it is
04k i shown that even though errors of all the methods increase as
the time-step of TS subsystem (hpg) rises, the DPIM3 method
03[, , . . . . . . . L is the most accurate, and it can achieve a 3 times improve-
08 082 084 086 08% 09 092 094 096 098 ment of accuracy than the traditional method. The relationship
_ ) between €, /versus the length of interface line is given in
Fig. 12. Zoomed-in curves of DC current. Fig. 15. Specifically, when the length of interface line is shorter
than 100 km, errors of the interface current by the traditional
method is around 0.5 pu while the DPIM3 results have achieved
o 2 (78 )p - almost 4 times improvement of accuracy. The errors of the tra-
< TR ( ditional method will be largest when the length of the interface
iz — phaseA line is around 120 km. However, errors of the interface cur-
= i — gﬁfg;ﬁ i rent by the DPIM3 is below 0.2 pu. Errors of all the methods
i i will drop gradually and the error gap between the proposed
075 08 085 09 005 T .05 method and the traditional method will gradually drop when the
(a) length of the interface is further increased. This is because when
hser the length of the interface increases to more than 200 km, the
/ phaseB | fast electromagnetic transients will gradually disappear when
s ] phaseC they spread from the EMT subsystem to the TS subsystem and
£ only components of fundamental frequency exist around the
03 | interfaces.
1 1.65
D. Comparisons of Computational Performance
Fig. 13. Interface currents and its dynamic phasors.

Table II. And the errors of DPIM3 is the smallest, the improving
in simulation accuracy is even more obvious than results during
the three-phase symmetric fault. When the interactive time step
is 5 ms, errors of the DC power are reduced from 0.255 pu to
0.071 pu. Compared with results during the three-phase sym-
metric fault, errors aroused by sampling delays is more obvious
during the asymmetric fault. Therefore, the proposed method
has more obvious advantages in the scenarios of asymmetric
faults than the traditional method.

The total CPU time and the time consumed by updates of
interfaces are compared in Fig. 16, where the simulation pe-
riod for the case is 3 s. It is shown that the proposed method
is more efficient than the traditional method. The simulation
time is reduced from 576 s to 342 s, 23 times faster than the
full EMT methods and achieving an improvement of 68.2%
compared with the traditional method. It is because that the pro-
posed method has better efficiency in calculations of interfaces
and interactive process than the traditional one. Considering its
previously demonstrated advantages in simulation accuracy, the
proposed method is more suitable for the simulations of large-
scale AC/DC systems.
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TABLE II
COMPARISON OF AVERAGE SIMULATION ERRORS (UNIT: IN PU) UNDER DIFFERENT INTERACTIVE TIME STEPS (SINGLE-PHASE FAULT SCENARIO)

Method DPIM1 DPIM3 TRA

Interactive Time step/js 2 ms 5 ms 10 ms 2 ms 5 ms 10 ms 2 ms Sms 10 ms
Ui, 0.0586  0.1113  0.3896 0.0120 0.0405 0.0856  0.0900 0.1970  0.2904
Lgc 0.0130  0.0272  0.0626  0.0050 0.0115  0.0662  0.0300 0.0449  0.0921
Py 0.0782  0.1666  0.3547 0.0414 0.0700  0.2500  0.1207  0.2550  0.3224
Vinv-a 0.0085 0.0127  0.0394 0.0030 0.0063  0.0359 0.0150 0.0222  0.0460
Linv—a 0.1117  0.2346  0.4927  0.0600 0.1072  0.3275 0.1700  0.3493 _0.4357

traditional

g © o—=o ©
1 2 3 4 5 6 7 8 9 10
Time step of TS subsystem: h/ms
Fig. 14. Relationship between €,y versus the time step of TS subsystem

traditional

~~.DPIM3
60 80 100 120 140 160 180 200 220, £ 240
Length of interface line: km
Fig. 15.  Relationship between €, versus the length of interface line (The

parameters are: impedance 7o = 0:27  /km, inductance [ = 13 mH/km, ca-
pacitance ¢y = 1.33 pF/km).
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Fig. 16. Total time and time consumed by updates of interfaces.

V. CONCLUSION

In this paper, a novel dynamic phasor based interface
model (DPIM) is proposed to improve the simulation accu-
racy of hybrid simulations, especially with the applications for

transmission of large-scale renewable energy by LCC-HVDC.
One of its salient features is the DPIM, which is derived by dy-
namic phasors, can improve the accuracy and reduce the com-
putation of the interface model in the TS subsystem. The other
important feature is that the interface model of the EMT sub-
system, with its instantaneous. values represented by dynamic
phasors, can be efficiently updated with the proposed DPIM.
Moreover; the errors caused by the sampling delays are ef-
fectively mitigated. The effectiveness of the proposed method
has.been.validated by a practical HVDC project. The proposed
method increases the simulation speed by 23 times than the
full EMT results, and 68.2% faster than the traditional method.
Moreover, the errors of the interface currents are reduced by
47.6%. The above results have demonstrated its advantages in
simulating large-scale AC/DC systems.
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