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Abstract—With wider applications of power electronic devices
in modern power systems, simulation using traditional electro-
mechanical and electromagnetic simulation tools suffer from
low speed and imprecision. Multi-rate technologies can greatly
improve simulation efficiency by avoiding simulating the entire
system using a small time-step. However, the drawbacks of
the current synchronization mechanisms is that they introduce
numerical errors and numerical instabilities in multi-rate parallel
simulations. An improved multi-rate parallel technology, node
splitting interface (NSI), is proposed to reduce errors and enhance
simulation stability. A new synchronization mechanism is used
to avoid prediction and signal delays. Theoretical analyses are
carried out to prove the convergence and absolute stability of the
proposed NSI algorithm. This algorithm is particularly suitable
for simultaneously investigating long term dynamics of DC grids
and fast transients of power electronic converters.

Index Terms—DC grids, electromagnetic transient analysis,
multi-rate interface, parallel algorithm, power system simulation.

I. INTRODUCTION

HE key features of modern power systems include large-
scale, complexity and high integration [1]. For example,

a power system has more than 100 thousand buses, covering
a scale of thousands of kilometers. Various power electronic
systems, such as HVDCs and FACTs, are deeply integrated
into the power system. These power electronics systems rely
on precise control in microsecond scales [2], [3]. Therefore, a
simulation of large-scale power systems with very small time-
steps is required as part of the power system analysis tools [1].
Electro-mechanical simulation can easily simulate a large-
scale power system but does not offer sufficient accuracy to
mimic the response of power electronic devices due to its large
time-step [4]. Electromagnetic transient programs enable small
time-step simulations, but the small time-step simulation of a
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large system will be inevitably time-consuming [5]. One of the
solutions for modern power system simulations is to simulate
a large-scale system with multiple time-steps. Different parts
of a power system are modeled with different time-steps and
linked to each other through an appropriate interface.

The electro-mechanical and electromagnetic hybrid simu-
lation is applied in system-level power system studies [6].
The interface considering three sequential values can improve
the simulation accuracy, however both a time-step delay and
harmonics are missing and a solution is still unsolved [7].

Gear’s multi-rate algorithm is based on implicit integration
methods [8], [9]. State variables can be directly divided as
fast variables and slow variables and computed with different
time-steps [8]. Extrapolation strategies that affect the stability
cannot be avoided [10]. The Waveform Relaxation method
uses iterations to obtain the accurate results required, but
iterations are not suitable for real-time simulations [12], [13].

The ideal transform interface (ITI) is a straightforward
method [14], [15], in which external parts of a subnetwork
are modeled as ideal sources. However, in this method, node
signals (voltages and currents) at both sides of the interface
are not guaranteed to be equal due to the ideal source model.
In addition, node voltage signals are exchanged with a one
time-step delay and are not synchronized. The accuracy of
this method is greatly affected.

The transmission line interface (TLI) is an improved and
widely applied method in AC systems [16], [17]. Transmission
lines can be used to decouple a network. The natural delay
characteristics of transmission lines can help to synchro-
nize subnetworks without incurring any delay. A sampling
scheme of the TLI is proposed to transfer data through filter
banks [18]. This scheme can overcome the limitations for
modeling linear, time-in-variant subnetworks and increase the
simulation time-step [18]. If no real transmission lines are
available, inductors or capacitors are considered as equivalent
transmission lines to decouple networks [19]. This equivalence
could cause errors.

The TEC (Thevenin equivalent circuit) uses Thevenin equiv-
alent sources to replace ideal electrical sources. This achieves
more precise representation of both voltages and currents at the
interface [20], [21]. However, this method is originated from
single-rate applications. In multi-rate simulations, the TEC
method is improved to induce the root-machine integration to
suppress the numerical oscillation. The piecewise cubic spline
function is substituted for the linear prediction [22]. However,
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predicted values from large time-step networks have to be used
for small time-step networks [23], [24].

The SSN (state-space nodal) method is a parallel simulation
method that has already been used in commercial simulation
products [25]. However, the SSN is designed for single-
rate parallel simulations. It requires a serial calculation step
to solve the equations of all nodes for the interface [25].
This limits the application of the SSN to multi-rate parallel
simulations.

So far multi-rate parallel simulations cannot achieve the
same level of accuracy and stability as the traditional EMT
with a single rate parallel simulation or without parallel
simulation.

This paper proposes a novel multi-rate parallel algorithm,
Node-Splitting Interface (NSI), which can use any node to
decouple a network without the need of transmission lines.
The advantage of this method is to avoid using prediction or
signal delay. A backward mechanism is used to select proper
history data from other subnetworks, and to synchronize the
end time in each simulation step. Also, the serial procedure
for solving the global nodal equation can be avoided.

Accuracy and stability of the proposed algorithm will be
theoretically proved.

The NSI is tested using EMT in a large-scale simulation
platform ADPSS [26], which has been used widely by aca-
demic and industrial organizations in China. Detailed com-
parisons with PSCAD/EMTDC for both simple and complex
systems are carried out to verify the accuracy and efficiency
of the proposed algorithm.

II. FUNDAMENTAL THEORY

A. Backward Synchronization

In Fig. 1, there are a voltage source, V5, an inductor, L, a
capacitor, C, and three resistors, Ry, Ry, Rpyqr. In order to
realize the multi-rate parallel simulation, the circuit is divided
into two systems, s and f, with an interface of AA’.

s R iy :Aiz L R, r

Fig. 1. Example of system.

System equations of the circuit are given in (1) to (3), in
which equation (3) is an interface equation:

Cdvc = (v — UC)i
L 1)
S R

292 v Ry )
dt s e

{1.’2 - 3)
11 = —19

In a single time-step simulation, differential equations in
(1) and (2) are discretized using the Backward Euler and the
discretized equations are then:

ve(t + At) = (l—i— C’A];)_ ve(t)

+(1+ CA};)* (CA];J vy (t + At)
in(t + At) = ”1(? AD | ult+AY Rlv‘f(”A“ @)
ia(t + At) = (1 + Rz)

+L( o(t + At) — Vi(t + At)))

The five algebraic equations in (3) and (4) with the five
variables at t + At can be solved by assuming the history
values at ¢ are known. The solutions of the two subsystems
are synchronized [27].

In the multi-rate parallel simulation, a large time-step, AT,
is used to discretize the differential equation of v, e.g. due to
a large capacitor, C. And a small time-step, At, is used for
the inductor equation:

AT\ 7!
ve(t + AT) = (1+ C’Rl) ve(t)
+( CR1 < >v1(t+AT)
in(t+ AT) = vi(t + AT) LY vi(t+ AT) — v.(t + AT)
Rpar Ry

ia(t+ At) = (1 + —Rz

(ig(t) + T(’Uz(t + At) — Vi(t + At)))(s)

In this case, the time of the variables in the s and f subsys-
tems are different, the two subsystems are not synchronized.
Therefore equation (3) is not fulfilled.

A straightforward method to achieve the synchronization is
to introduce a delay of AT for the interface variables, v; and
i2, which means that vy (t + AT) = va(t) and is(t + AT) =
11(t) [24]. However, this method will cause large calculation
errors and simulation instability.

The TEC method uses v1(t + AT) = wvy(t + At) to
replace v1 = vy [27]. However, the replacement requires an
approximation. Also, there exists a risk of increasing errors
with the approximation.

This paper proposes a NSI algorithm, which selects proper
history data from subsystems with different time-steps, in
order to achieve synchronization.

The synchronization mechanism of this algorithm is listed
as follows:

1) History data at ¢t + At — AT of v, ve(t + At — AT), is
used to substitute v.(¢) in the first term of the right hand of
the first equation of (5).

2) v.(t + AT) and v1 (t + AT) in the first equation of (5)
are replaced by v.(t + At) and vy (t + At), respectively.
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3) i1 (t+ AT), ve(t+ AT) and vy (t + AT) are replaced by
i1(t+ At), ve(t + At) and vy (t + At) in the second equation
of (5).

4) Then, the interface variables in the slow subsystem
become i1 (t + At) and v (¢ + At), which are synchronized
with i9(t+ At) and vo(t+ At) in the fast subsystem. Equation
(3) is thus fulfilled.

5) According to (3), the synchronized solution of the entire
network, v.(t + At) and i5(¢t + At), can be achieved.

This mechanism uses backward synchronization. In sum-
mary, when the solution at ¢ has been solved, the slow subsys-
tem must select the history data at the point of t+At— AT and
transfer this data to the fast subsystem for further simulation.

Due to the large time constant, the discrete equation of
ve can be executed for every AT, and its unknown value in
every At is achieved through a linear interpolation, which can
provide feasible accuracy [28].

In the first time-step, the initial history data at the point of 0
should be given as the condition to solve equations. There are
two methods to access the initial history data. First, the solved
system has to start from the zero condition and the initial
history data of the state variables are set as zero. Secondly, the
solved system has been running for a period and all variables
in this period have become available. Except for these two
methods, the history data should be predicted, which brings
the approximations of the solution.

Furthermore, this method avoids the serial procedure in each
time-step. This whole parallel procedure is suited for extending
CPU scales to speed up the simulation and to achieve real-time
simulation.

B. General Modeling for NSI Algorithm

A power system is divided into two sub-networks, which
connect to each other at n nodes, forming an interface, AA’,
as shown in Fig. 2.

- —¢-co

N
Fast Subnetwork 'A

NN

Slow Subnetwork

Fig. 2. Partition system by node direct decoupling.

One of the two sub-networks has fast dynamics with a
small time constant, represented by subscript, f. Another
subnetwork has slow dynamics with a large time constant,
represented by subscript, s.

The state space equations of the two sub-networks are:

) T
Xe = Ae Xe + [Bﬁnt BfAA’] [Uﬁnt UfAA’}

T (6)
Yiaar = Cr Xp + [Dﬁnt DfAA/} [Uﬁnt UfAA’}

. T
Xs = AsXs + |:Bsint BsAA/:| |:Usint USAA/:|

v (D
}/SAA’ = CsXs + |:Dsint DSAA/:| |:Usint USAA’:|

Usnt and Ugyy represent input variables inside each sub-
network, which are the internal sources of each sub-network,
Vant and Ve, in Fig. 2. Ugaas and Ugp o+ are input variables
from the interface which represent the voltages, Vaas(1) to
Vaas(n), at the two sides respectively. Yiaa and Ysaa-
represent output variables, which are the currents cross the
interface, IAA/(I) to IAA/(TL) or —IAA/(l) to —IAA/(n). A,
B, C, D are corresponding state-space matrix.

The relationships of the input variables and output variables
are given in (8):

®)

Uiaar = Usans
Yiaar = —Ysan

The issues of synchronization will be induced using the
different mechanisms to deal with this relationship. Simplifi-
cation or a delay of AT is usually needed for solving the sub-
networks, which would lead to large errors. The NSI algorithm
can fulfil this relationship without any simplification.

The fast sub-network uses a simulation time-step h, and the
slow sub-network uses a simulation time-step H = mh, where
m is an integer. The backward synchronization mechanism is
used to select proper history values, so that different equations
from the state-space equations (6) and (7) can be achieved
using the Backward Euler.

Xi(mk) = (I — hAf)ile(mk -+ (- hAf)flh
T
[Bﬁnt BfAA'} [Uﬁnt(mk) Usaar (mk)}
Yiaar (mk) = Ce X¢(mk) + [Dﬁnt DfAA’]
T
[Uﬁnt(mk) UfAA/ (mk)}
)
Xs(mk) = (I-mhAg)~ 1 Xs(mk—m)+(I—mhAg)~?
T
mh [Bsint BSAA/:| |:Usint (mk) U;AA/(mk):|
Yoan:(mk) = CuX,(mk) + D Doan|

[k Usar k)]

(10)

According to (8), Ugaas (mk) = Usaas (mk) and Yiaar (mk)
= Yiaar(mk), thus these interface variables in (9) and (10)
can be eliminated.

Xf(mk) = A{-fo(mk’ - 1) + Asts(mk - m)
+stUsint (mk) + BfFUﬁnt (mk)

Xb(mk) = Astf(mk - 1) + ASSXS(mk - m)
+Bss Usint (mk) + Bstﬁnt (mk)

Y

where Ag, Ags, Ass, Ast, Bss, Bst, Bg and By, are coefficient
matrices, which are presented in Appendix B.

The state variables in the large time constant system change
slowly. Therefore, the value in the mk + ith step between
mk and mk 4 mth steps is obtained through interpolation.
The linear interpolation is selected [20], as shown in (12), to
support the sufficient accuracy:

X, (mk + i) = %Xs(mk) + %Xs(mk +m)  (12)
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As the sources, Ugnt and Ugne, are known, the variables
in the right side of the equation (11) are available in the kth
calculation. The system has been divided into two decoupled
synchronized subsystems represented by state transfer formu-
las with different recursive rates.

The features of the NSI are:

1) Different time-steps are used for state variables of dif-
ferent time constants to improve the simulation efficiency.

2) Interface relationships can be fulfilled in each step, to
ensure the simulation accuracy.

3) Implicit integration without prediction can be easily
formulated and implemented.

This multi-rate algorithm can easily be extended to the
application of large-scale systems. A large-scale system should
be divided into several layers according to their suitable
time-steps. In each layer, there are many subsystems, which
are synchronized using the parallel methods with the same
time-step. Then, the information of the subsystems between
different layers can be synchronized using the proposed multi-
rate algorithm. Eventually, full system synchronization will
be achieved. However, a large-scale system can normally be
divided into three or four layers with different time-steps, such
as 10 ms, 50 pus and 1 ps or 1 minute, 10 ms, 50 us and 1 ps.

ITI. ACCURACY ANALYSIS
A. Accuracy Analysis of NSI

The accuracy and stability of multi-rate parallel algorithms
are expected to be similar to that of a traditional EMT.
However, the major drawback of existing multi-rate parallel
algorithms is lack of theoretical analyses on this issue.

In this section, the accuracy of NSI is proved. The con-
ditions of the proof will be clearly given. Meanwhile, the
expression of errors is given to study factors which influence
the errors.

As long as the consistency and stability of this integra-
tion are proved, the convergence of the integration can be
achieved [28]. In this section, the consistency of errors will
be proved first.

Theorem 1. Suppose that the original system is asymptotic
stability, and the divided fast and slow subsystems are also
asymptotic stability. All time-steps of the subsystems are fixed
through the simulation. Then, the error of the solution of NSI
is globally consistent.

The errors, £, can be expressed as (13), whose derivation is
given in the following section:

S(HR) < |R(m)|KH™™ — |R(m)|[KH  (13)

In (13), ||R(m)]|| is constant for a given m. K and L are
constants, which can be calculated with the system parameters,
as shown in “proof of consistency.” k represents the kth step
in the simulation.

This means that the simulation error at any step is only
determined by the L and K, which are time-invariant, and
related to the norms of the coefficient matrix of the original
system. If the simulation step H is small enough, the errors
can be limited within any allowed margin at a certain time.

B. Proof of Consistency

In order to find a unified expression of maximum errors
of the NSI algorithm in each step, a recursive expression is
derived first. The detailed proof of consistency is demonstrated
in Appendix C.

The derived recursive error expression eys for the fast
subnetwork and e,y for the slow subnetwork, can be obtained
as equation (14) and (15):

ext(mk +1) = Akeyr(mk)
i—1
+ AT Agers(mk —m +§) - (14)
j=0
exs(mk +m) < AszQ_lexf(mk)
+ AstmAgs [[R(m) || O(mh)

m—1

+ (ASpr Z AglliAﬁ,) exs(mk)
i=0

+ Agsens(mk) (15)

where ||R(m)||O(mh) represents the local truncation error,
and O(mh) means the infinity of a large time-step, mh. Kp is
generally determined by the interpolation method and is less
than 2 [28].

The unified form of the maximum of eys and eys, &, is given
in equation (16):

k—1
§(mk) < ZLmh(f((k —1—=7)m) + [[R(m)|| Kmh) (16)

where L and K are the coefficients. The detailed information
is demonstrated in Appendix C.

And then, an eventual expression can be achieved through
removing the recursive terms.

The representation of the error ¢ will change from discrete
points, £(mk), to the time series, &£(mkh). Obviously, this
summation series formula can be changed to the exponent
expression that,

S(HE) < |R(m)|KHM — |[Rem)|[KH — (17)

Taking 7 = kH, the error £(7) — 0 from this inequality,
when h — 0. Therefore, the global error is consistent.

IV. STABILITY ANALYSIS
A. Absolute Stability of NSI

Generally, major multi-rate parallel algorithms cannot guar-
antee the absolute stability [8]. However, the proposed NSI
can be proved to be stable. Conditions of this proof are also
clearly given. The stability can support the convergence of the
NSI algorithms.

Theorem 2. Suppose that the original single time dimension
system is asymptotic stability, and the divided fast subsystems
are also asymptotic stability, then the new system with the
proposed multi-rate simulation algorithm is stable.

It means errors caused by any disturbance will not be
amplified. The proof of this theorem is given in the next
section.
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Based on the absolute stability and consistency, the conver-
gence of error can be eventually achieved. This means that,
as long as h is small enough, the errors will be limited within
any allowed margin at any time.

B. Proof of Stability

In order to prove the stability of NSI, one step of the multi-
rate integration is divided into several small-rate steps and
a two-rate step. The two-rate step is a step of integration
with a small-rate for some variables and a large-rate for other
variables.

If every small-rate step is stable and the two-rate step is
stable, the entire multi-rate integration must be stable.

Therefore, the first stage is to divide the integration.

The state transfer equation of the whole system is that:

X¢(mk +m) m—1 X¢(mk)
Xs(mk+m)| = &y P:(i) | Xs(mk) (18)
Xs(mk) i=1 Xs(mk —m)

where P (i) represents the transfer matrix at the ¢ th small
step within one large step, as shown below:

Ap —An Tl
Bi(i)=|o9 " " (19)
0 0 1
@, represents the transfer matrix of the two-rate integration:
Ag Ax 0O
Qs = Asf ASS 0 (20)
0 I 0

The criteria [31] to determine whether the system is stable
is shown as:

i=1 p

It is obvious that the norms of Ag are less than 1. Thus,
the norms of P (i) are less than 1.

The proof that the norm of @ is less than 1 is demonstrated
in Appendix D.

<1 @D

m—1
&, [] &:0)
=1

1] <1 (22)
Therefore, it is given that
D, “ﬁl Pe(i) < 1 (23)
i=1
This proves the NSI algorithm is stable.
V. CASE STUDIES

Comparisons of accuracy and stability between NSI results
and accurate results are performed through a simple case and
an integrated AC/MTDC system. Accurate results are achieved
through the simulation with a very small single time-step. The
simple case provides comparisons of various multi-rate parallel
algorithms, TLI, ITT and NSI, and the complicated case only
verifies the accuracy of the NSI algorithm.

In the simple case, the accuracy is evaluated with differ-
ent time-steps. Multi-rate results and accurate results are all

achieved using MATLAB/Simpower. In the integrated AC/
MTDC system, a large disturbance is implemented to evaluate
errors between the accurate results and NSI results. PSCAD
4.5 is utilized to obtain accurate results, and NSI results come
from ADPSS.

A. Accuracy Evaluation of NSI

Results of the NSI are compared with accurate results on
the circuit in Fig. 1. Results of ITI and TLI are also provided
in this section as a comparison for the performance of different
multi-rate parallel algorithms. In the base cases, two rates of
1 ps and 50 pus were used. The fundamental frequency of the
source is 50 Hz.

The TLI algorithm requires an inductor, L1, to decouple
the circuit in Fig. 3. So the original inductor, L, is divided
into two inductors, Ltry and L/, and L = Lyy; + L’. The
parameters of the circuit are given in Table 1.

Fig. 3. Transmission line interface.
TABLE I
PARAMETERS OF THE CIRCUIT
R1/Q2 C/F Rpar/Q) R2/)
110 0.001 108 110
L/H VeIV Lrr1/H —
0.101 sin(50 X 27t) 0.05 —

The results of is in the base cases are shown in Fig. 4.
Errors represent the difference between the results of a multi-
rate parallel algorithm and the accurate results. The TLI has
the largest rate of error, up to 8%, and the ITI has a rate
of error of only 2.5%. The rate of error of NSI is less than
0.005%.

Waveform Zommed Waveform  Error Rate (%)
x1073
0.01 {|===Acc 6 10 ~
—aITL | __ A /
0.005 f—NsI| 4 S/ /
—~ - ! \ /
< 0 [
70005 ssif - -5 \_.
N .
-0.01 ‘ -10
022 023 024 025 0.2355 0.22 0.23 0.24 0.25
1(s) 1(s)
(a) (b)
Fig. 4. Results of the rates of 1 us and 50 ps. (a) Currents in different

simulation methods. (b) Rate of error (Multi-rate-ACC/RMS of ACC).

In order to evaluate the influences of increasingly large time-
steps, a large time-step of 100 us is used instead of 50 us. The
results are shown in Fig. 5. The ITI is unstable, so its error is
not shown in Fig. 5(b). The TLI remains stable. However, its
rate of error increases to almost 13%, which is not acceptable.
Again, the NSI achieves very high accuracy, but this error
increases to 0.01%, which is 2 times that of the previous case.



MU et al.: A NODE SPLITTING INTERFACE ALGORITHM FOR MULTI-RATE PARALLEL SIMULATION OF DC GRIDS 393

Waveform Zommed Waveform  Error Rate (%)
%1073

0.01 20 - )
_0.005 5.8 107 /

< 0 ,

7-0.005 V1o S

\
—0.01 5.4 =20
0.0850.09 0.095 0.1 0.105 0.093 0.09 0.1 0.1 0.1
1(s) 1(s)

(a) (b)

Fig. 5. Increasing large time-steps (the rates of 1 us and 100 ps). (a) Currents
in different simulation methods. (b) Rate of error (Multi-rate-ACC/RMS of
ACC).

In order to evaluate the impact of reducing large time-steps,
the large time-step is changed from 50 ps to 10 ps. The results
are shown in Fig. 6. The ITI is stable, and its error reduces to
0.7%. The TLI has a peak error of 7%, the NSI exhibits the
smallest error, reduced to 0.001%.

Waveform Zommed Waveform  Error Rate (%)
x1073
0.01 f{---Acc 6 N
j{{sll [y // \ //
20.005 _—y Y /
= 0 o
~0.005 / N
5.9 -
—-0.01
022 023 024 025 0.2355 0.22 0.23 0.24 0.25

1(s) 1(s)
(a) (b)

Fig. 6. Reducing large time-steps (the rates of 1 ps and 10 ps). (a) Currents
in different simulation methods. (b) Rate of error (Multi-rate-ACC/RMS of
ACC).

In conclusion, there are limitations with the existing multi-
rate parallel algorithms, ITI and TLI. The stability of ITI is
significantly affected by the time-steps. The TLI is much more
stable than the ITI, however, its accuracy is unsatisfactory.
In contrast, the proposed NSI maintains a high accuracy and
stability in all tests. The large time-steps and errors show the
positive correlation.

Although the stability of the NSI has not been proved for
unstable systems, the simulation using NSI for an unstable
system is acceptable, because the NSI achieves smaller errors
than the ITT and TLI which have already been widely used for
practical applications. Furthermore, the realistic system has
unstable frequencies from 0 Hz to 1000 Hz. To achieve an
accurate result, simulation rates should be much faster than
those unstable frequencies and the typical rate is 20 kHz.

B. Application of NSI in an Integrated AC/MTDC System

An integrated AC/MTDC system, as shown in Fig. 8, is used
to evaluate the performance of NSI. The system consists of two
IEEE 9-Bus systems and a five terminal HVDC network. This
system is divided into two subsystems along the dashed line
box. The two IEEE 9-Bus systems outside the box are chosen
as a slow subsystem with the time-step of 50 ps, while the
MTDC system inside the box is a fast subsystem with the
time-step of 2 us.

The MTDC grid system refers to the Zhoushan 5 terminal

HVDC projects [32]. Two-level converters are used in each
VSC, instead of MMC, as converter topology are not the
research topic of this paper and do not affect the multi-rate
parallel algorithm analysis. Also, line models with propagation
delay are used for the DC submarine cables. All the converters
use the current loop control. Detailed parameters are listed in
Appendix A.

In IEEE 9-Bus systems, AC transmission lines are modeled
as PI sections. Generators are modeled as a dg0 model,
represented by Park equations with a AVR and a governor.
Detailed parameters are shown in [33].

Results of PSCAD and the NSI are compared under AC and
DC faults. A single-phase fault is set at ABUS 9 at 2 s and it
lasts 200 ms.

The fault resistance is 8 2. The performance of CS1 is
plotted to show the simulation accuracy. The AC voltage, at
ABUS 9, and the AC current, flowing into CS1 from ABUS9,
are plotted in Fig. 7(a) and (b). The right plot is the zoomed
waveform of the left plot. The DC positive voltage of CS1 and
the current between the converter and capacitor are plotted in
Fig. 7(c) and (d). The results show that the two curves almost
coincide with each other. It verifies that NSI achieves a high
accuracy.

S Waveform Zoomed Waveform
> 10
< 200 0
&0
s 0 -10
£ 200 N\
Q -30
< 19 2 21 22 23 24 2.0003 2.0009
-~ (@)
S 4 0.4
= 2 0.2
20 0
s 2 ---PSCAD|[] _
< 1.9 2 2.1 2.2 2.3 24 20003 2.0009
~ (b)
Z 250 247.5
= = =-PSCAD
& 245 NSI__|1247.4 M/\/\
l 247.3 )
2 240
&} 247.2
a 1.9 2 2.1 2.2 2.3 2.4 2.000 3 2.0009
— (©)
3 0.135
Z 04
5 0% 0.13
g 0.
= ---PSCAD|{0.125
A 1.9 2 2.1 2.2 2.3 24720003 2.0009
1(s) 1(s)
(d)
Fig. 7. Results of AC single-phase fault. (a) Voltage of ABUS 9. (b) AC

current injected to CS1. (c) DC positve voltage of CS1. (d) Current betweent
the converter and the capacitor in CS1.

DC short circuit occurs at CS4. The results in Fig. 9 show
that the NSI can match PSCAD results well.

C. Speeding up Simulation
This speeding up test is performed on a PC, in which the
configuration is E5S 2600, 8 GB DDR3 and 500 GB SAS.
Speeding up the simulation using NSI is illustrated in
Fig. 10. The computation time of the simulation is compared
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Fig. 8. Topology of the Integrated AC/MTDC system.
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o - -80 NSI is much shorter than the traditional EMT simulation
£ 0 _}gg (PSCAD). Also, the computation time reduces along with the
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Fig. 9. Results of DC fault. (a) Voltage of ABUS 9. (b) AC current injected
to CS1. (c) DC positve voltage of CS1. (d) Current betweent the converter
and the capacitor in CSI1.

under a different number of subsystems. The digit after .S
and F' represents the number of slow subsystems and fast
subsystems. For instance, S1:F1 means one slow subsystem
and one fast subsystem, S1:F3 means one slow subsystem and
three fast subsystems.
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Simulation time (s)

Fig. 10.
subsystems.

Computation time of simulation under different quantities of

The traditional simulation of the 10 s period takes about
3300 s and the proposed NSI takes 290 s, a speed up of

By summarizing the theoretical analyses, the accuracy theo-
rem and the stability theorem have been proposed and proved.

In order to compare the proposed method and existing
methods, simulations on simple circuits have been performed
using different large time-steps. Another case study with a
5 terminal MTDC shows that the Node Splitting Interface
algorithm can achieve high accuracy in the DC grid simulation,
as well as a high efficiency.

The NSI is particularly suitable for multi-terminal HVDC
grids to investigate both fast transient responses in the range of
micro-seconds of multiple converters and long term dynamics
in ranges of tens of seconds of whole systems. This method
will benefit the study of large systems with multiple FACTS
and HVDC links.

APPENDIX
A. Parameters of Zhoushan MTDC

Some parameters of the VSC-MTDC in Fig. 8 on the large
case study are listed below, the detailed information refers
to [34].

Transmission Line: Line 1 = 46 km, Line 2 = 17 km,
Line 3 = 39 km, Line 4 = 32.3 km, R = 0.0192 ohm/km, L
= 0.24 mH/km, C = 0.2961 uF/km.
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Converter:

Zhoushan (CS1) (VQ mode), V = 4+ 200 kV, Q = 60 MVar
Capacitor = 432 uF;

Daishan (CS2) (PQ mode), P = —200 MW, Q = 60 M Var;
Capacitor = 432 uF;

Qushan (CS3) (PQ mode), P = 80 MW, Q = 20 MVar;
Capacitor = 108 uF;

Yangshan (CS4) (PQ mode), P = 80 MW, = 20 MVar;
Capacitor = 108 uF;

Shensi (CS5), P = 80 MW, @ = 20 MVar; Capacitor =
108 uF;

B. Expression of the Coefficiency Matrices in Eq. (11)

Ag = Argis — Bian' i ACt Arais

Ags = —Bian’-ais ACs As-dis

Ass = =Banrais ACs As.ais

Ast = —Ban aisACt At gis

Bgt = Binedis — Braa’-ais & (Ct Bfint-dis + Diint)

B, = _BfAA’-disA(Dsint + CsBsin[—diS)

Bss = Biintdis — Baaa/-dis A(Cs Biintdis + Dsint)

Bsf = _BSAA’_diSA(Dﬁnt + C'fBﬁm-dis)
And A = (CsBuaarais + Diaar + Dsanr + CBianrais) "
where:
A dis (
Biintdgis = (
Argis = ([ —hAg)” (A1)
Bian-ais = (
Biaa’-ais = (

(

Bfintais =
C. Proof of Consistency
Rewriting (11) obtains,
Xe(mk +1i) = AgXe(mk +i—1)
+Ag (m_ZXS(mk—m)—les(mk))
m m
+stUsint (mk + 'L) + Bfoﬁnt (mk + 7,)
Xs(mk +m)= A Xe(mk +m — 1) + A Xs(mk)

+Bss Usint (mk +m) + Bsf Uﬁnt (mk +m)
(A2)

Convert (A2) to the error equation (A3):

exs(mk +m) = Agrexs(mk + m — 1) + Agsexs(mk)
ext(mk +14) = Agexs(mk + 1 — 1) + Agexs(mk + 1 —m)
(A3)

The error of the fast system, eys(mk + i), is achieved based
on the values in the mkth step. The derived error expression
can be obtained as equation (A4):

i-1 _
ext(mk + 1) :Aﬁexf(mk)Jrz A%‘_l_JAfSGXS(mk —m-+7)

j=0
(A4)

In the formula above, exs(mk —m + j), consists of two
parts: the local truncation error from a single interpolation and
the accumulative error from itself. In fact, the local truncation
error of each m step is limited [25]. Also, it is assumed that
the maximum accumulative error in the mkth step is exs(mk),
then, the accumulative error in the steps between the mk —m
th and the mkth is less than Kp times the maximum error.
Kp is generally determined by the interpolation method and is
less than 2 [25]. Therefore, the error expression can be derived
as follows:

exs(mk —m +1) = e(mk — m + 1) + eaccu(mk —m + 1)
< [[R(m)]| O(mh) + Kpexs(mk) (AS)

The local truncation error || R(m)||O(mh) is a function with
a finite value of m, and h is a small simulation time-step, and
O(mh) means the infinity of a large time-step, mh.

Combined with the equation (A4) and considering the
synchronization step, mkth, the transfer error from the fast
system is obtained as below:

ext(mk +m) < Afexs(mk) + mAg || R(m)] O(mh)
m—1

+ Kp Z A&”fl*iAfseXS(mk)
i=0

(A6)

Substituting (A6) to (A3), the global error for the slow
system can be expressed as:

exs(mk +m) < Ag AR ex(mk)
+ AsemAgs [ R(m)|| O(mh)
m—1
+ (A Kp Y AR~ Ag)exs(mk)
=0

+ Agsexs(mk) (A7)

Due to the absolute stability of every sub-network, the
norms of Ag, ||Ag||, are less than 1. So it follows from (A6)
that:

ext(mk +m) < Afexs(mk) + m || Agl| ||R(m)|| O(mh)
+m - Kp | Ag | || Ass|| exs(mk) (A8)

Due to the absolute stability of every sub-network, the
norms of Ag, ||Ag|, are less than 1. Using the recursive
formula (30) and (31), the final global error for the mk th
step can be obtained from the initial values:

k—1
ext(mk) < Ag*ex(0)+D AL (ml| Aw || R(m)[|O(mh)
=0

+m - Kp||Ag ||| Ass|lexs((E — 1 = j)m))  (A9)
m—1 k
exs(mk) < <||ASpr AR A+ ASS||> exs(0)
=0
k—1 ‘
+ > AL(Ag AR e ((k — 1= j)m)
j=0
+ AgmAg||[R(m)||O(mh)) (A10)
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It is assumed that the error is zero at the initial step, then:

m—1

AgKp Y AR~ A < 1
=0

HAHH <1 ||A55|| <1

€Xf(0) = exf(O) =0

Let £(km) be the maximum of global errors in the km th
step, as shown below:

E((k—1—j)m)=max{exs((k—1—j)m), ext((k—1—j)m)}
(A12)

(Al1)

From the definition of Ay and Ag in (A1), the norm of Ay
and Ags has the proportion of mh and h, so (A13) and (A14)
can be derived from (A9) and (A10):

k-1
exs(mk) < Y Lmh(&((k =1 = j)m) + | R(m)|| Ksmh)
i=0
’ (A13)
k—1
ext(mk) <Y Lmh(&((k — 1 = j)m) + ||R(m)|| Kmh)
j=0
’ (Al14)
The unified form of errors is given in equation (A15):
k—1
E(mk) <y Lmh(E((k — 1 = j)m) + | R(m)| Kmh)
j=0

(A15)
where:

L= max{[| A [ Astl[| Age "7, [ Ag || ™ Kpll Ag [l ml| A |} /mh

(A16)
Kr = [|Ag]|™m|| A | O(mh) /(L(mh)?) (A7)
Ky = || Assll| Astllm|| Ags|O(mh) / (L(mh)?) (A18)

and K is the larger one of Ky and Kj.

D. Proof of (22)

The original system (6)—(8) can be rewritten as (A19) by
eliminating the variables of the interface inputs, Usaas and
Yiaar.

X¢]
X.|
{Af —Biaa/ (D +Dg) 1 Cr—Biaa: (Df+Ds)1Cs:| [Xf}

_BSAA’(Df+Ds>_1CfAs_BsAA’(Df+Ds)_1Cs Xs
(A19)

The original system is absolute stable, thus the state matrix
of (A20), denoted as A, is stable, whose eigenvalues have the
negative real parts. By introducing a new matrix A,,,

I 0
Am = [0 m[} A=
A¢—Biaa (Di+Dg)71Cr —Biaar (Di+Dy) "1 Cy
_mBsAA’ (Df+Ds)_1Cf mAs_mBSAA’ (Df+Ds)_1Cs
(A20)

whose eigenvalues also have the negative real parts as well.

Using mBgsaa and mAg to replace the coefficient matrix of
Bgsaa and Ay in the original system, the state matrix of the
new system, as shown in (A21), is just A,,. Therefore, the
new system is also absolute stable.

Xp=As Xt + BiaaUpaar Xe=mAX, +mBoanUsans
Yiaar =Cr X+ DianaUsanr Ysan: = Cs Xs+DganUsan:

Utaar = Usanr  Yeanr = —Yoanr

(A21)

Discretizing this system by a small time-step #, the transfer
equations are obtained:

Xi(k +1) = (Ar—ais — Biaa’-ais A0t Arais) X¢ (k)
—Biaar-aisA0s As ais Xs (k)

Xs(k +1)= —Biaarais ACt Aais X1 (k)
+(Asdis — Ban’-ais ACs A s.ais) Xs (k)

(A22)

And A = (CsBgngis + Diaar + Dsaar + CeBiaprgis) "
The state transfer matrix of this equations is:

Af—dis - BfAA’_disACfAf—dis _BfAA’-dis AC(sAs-dis
—Boaa’ais ACt Argis  As-dis — Boan’-ais ACs As-dis
(A23)

ésll =

The norms of this matrix, ¥y, are less than 1 due to the

absolute stability of this new system.
HdssllH <1 (A24)

In fact, the coefficient of @1 is the same as a sub-matrix
of &, given in (20).

Ag Ags| _

Asf Ass

|:Af-dis — BeaaaisACr Argis —Biaar_ais ACs As.dis (A24)
_BsAA'—disACfAf—dis As—dis - BSAA’.disACsAs—dis

The norms of @3, determine the norms of P [28], meaning
that if (A24) is stable, the (20) is stable as well.

REFERENCES

[1] L. Snider, J. langer, and G. Nanjundaiah, “Today’s power system simu-
lation challenge: High-performance, scalable, upgradable and affordable
COTS-based real-time digital simulators,” in Proc. 2010 Joint Interna-
tional Conference on Power Electronics, Drives and Energy Systems
(PEDES) & 2010 Power India 2010, pp. 1-10.

[2] L. Herrera, and J. Wang , “FPGA based detailed real-time simulation
of power converters and electric machines for EV HIL applications,” in
Proc. 2013 IEEE Energy Conversion Congress and Exposition (ECCE)
2013, pp. 1759-1764.

[3] A. Myaing, V. Dinavahi, C. Dufour, and M. O. Faruque, “Comparison
of insulated gate bipolar transistor models for FPGA-based real-time
simulation of electric drives and application guideline,” IET Power
Electron., vol. 5, no. 3, pp. 293-303, 2012.

[4] A. M. Gole, “Electromagnetic transient simulation of power electronic
equipment in power systems: challenges and solutions,” in Proc. 2006
IEEE Power Engineering Society General Meeting, 2006, pp. 6.

[5] Electromagnetic Transients Program Reference Manual, Bonneville
Power Administration., H. Dommel, Portland, OR, 1986.

[6] Y. X. Ni and A. A. Fouad, “A simplified two-terminal HVDC model
and its use in direct transient stability assessment,” IEEE Transactions
on Power Systems,, vol. 2, no. 3, pp. 10061012, 1987.

[7]1 D. Shu, X. Xie, Q. Jiang, Q. Huang, and C. Zhang, “A novel interfacing
technique for distributed hybrid simulations combining EMT and tran-
sient stability models,” IEEE Transactions on Power Systems, vol. 33,
no. 1, pp. 130-140, 2018.



MU et al.: A NODE SPLITTING INTERFACE ALGORITHM FOR MULTI-RATE PARALLEL SIMULATION OF DC GRIDS

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(271

(28]

[29]

[30]

[31]

[32]

C. W. Gear, and D. R. Wells, “Multirate linear multistep methods,” BIT,
vol. 24, no. 4, pp. 484-502, Dec. 1984.

J. F. Andrus, “Stability of a multi-rate method for numerical integration
of ODE’s,” Computers & Mathematics with Applications, vol. 25, no.
2, pp. 3-14, Jan. 1993.

S. Skelboe, “Stability properties of backward differentiation multirate
formulas,” Applied Numerical Mathematics, vol. 5, no. 1-2, pp. 151-
160, Feb. 1989.

M. Giinther, and P. Rentrop, “Multirate ROW methods and latency of
electric circuits,” Applied Numerical Mathematics, vol. 13, no. 1-3, pp.
83-102, Sep. 1993.

R. A. Saleh, and A. R. Newton, “The exploitation of latency and
multirate behavior using nonlinear relaxation for circuit simulation,”
IEEE Transactions on Computer-Aided Design of Integrated Circuits
and Systems, vol. 8, no. 12, pp. 1286-1298, Dec, 1989.

M. L. Crow, and M. Ilic, “The parallel implementation of the waveform
relaxation method for transient stability simulations,” IEEE Transactions
on Power Systems, vol. 5, no. 3, pp. 922-932, 1990.

W. Ren, M. Sloderbeck, M. Steurer, V. Dinavahi, T. Noda, S. Filizadeh,
A. R. Chevrefils, M. Matar, R. Iravani, C. Dufour, J. Belanger, M. O.
Faruque, K. Strunz, and J. A. Martinez, “Interfacing Issues in Real-Time
Digital Simulators,” IEEE Transactions on Power Delivery, vol. 26, no.
2, pp- 1221-1230, Apr. 2011.

J. Xu, C. Zhao, W. Liu, and C. Guo, “Accelerated model of modular
multilevel converters in PSCAD/EMTDC,” IEEE Transactions on Power
Delivery, vol. 28, no. 1, pp. 129-136, Jan. 2013.

S. Y. R. Hui, K. K. Fung, and C. Christopoulos, “Decoupled simulation
of DC-linked power electronic systems using transmission-line links,”
IEEE Transactions on Power Electronics, vol. 9, no. 1, pp. 85-91, Jan.
1994.

W. Ren, M. Steurer, and T. L. Baldwin, “Improve the stability and
the accuracy of power hardware-in-the-loop simulation by selecting
appropriate interface algorithms,” IEEE Transactions on Industry Ap-
plications, vol. 44, no. 4, pp. 1286-1294, July. 2008.

H. Zini, and G. Ratta, “Multirate modeling scheme for electromagnetic
transients calculation,” IEEE Transactions on Power Delivery, vol. 19,
no. 1, pp. 240-247, Jan. 2004.

Real time digital simulator Set, Ist ed., RTDS Technologies., 2014.

F. A. Moreira, J. R. Marti, L. C. Zanetta Jr, and L. R. Linares, “Mul-
tirate Simulations With Simultaneous-Solution Using Direct Integration
Methods in a Partitioned Network Environment,” IEEE Transactions on
Circuits and Systems I: Regular Papers, vol. 53, no. 12, pp. 2765-2778,
Dec. 2006.

U. V. Wali, R. N. Pal, and B. Chatterjee, “On the modified nodal
approach to network analysis,” Proceedings of the IEEE, vol. 73, no.
3, pp. 485-487, 1985.

D. Shu, X. Xie, Q. Jiang, G. Guo, and K. Wang, “A multirate EMT
co-simulation of large AC and MMC-based MTDC systems,” [EEE
Transactions on Power Systems, vol. 33, no. 2, pp. 1252-1263, 2018.
X. Wu, S. Lentijo, and A. Monti, “A novel interface for power-hardware-
in-the-loop simulation,” in Proc. 2004 IEEE Workshop On Computers
In Power Electronics, 2004, pp. 178-182.

J. Stoer, and R. Bulirsch, Introduction to Numerical Analysis, Berlin,
GRE: Springer, 2002.

C. Dufour, J. Mahseredjian, B. X, and J. langer, “A combined state-
space nodal method for the simulation of power system transients,” I[EEE
Transactions on Power Delivery, vol. 26, no. 2, pp. 928-935, Apr. 2011.
H. Peng, F. Tian, and Y. Li, “An improvement of neutral-point balancing
algorithm of STATCOM,” in Proc. 2010 International Conference on
Power System Technology (POWERCON), 2010, pp. 1-6.

F. A. Moreira, and J. R. Marti, “Latency techniques for time-domain
power system transients simulation,” IEEE Trans. Power Syst., vol. 20,
no. 1, pp. 246-253, Feb. 2005.

E. Hairer, S. P. Ngrsett, and G. Wanner, Solving Ordinary Differential
Equations I: Nonstiff Problems, Berlin Heidelberg, GRE: Springer, 2011.
Q. Mu, “Study on Multi-rate Electromagnetic Transient Simulation Al-
gorithm for the Power System with Multiple Voltage Source Converters,”
Ph.D, China Electric Power Research Institute, 2013.

J. A. Hollman, and J. R. Marti, “Step-by-Step Eigenvalue Analysis With
EMTP discrete-time Solutions,” IEEE Transactions on Power Systems,
vol. 25, no. 3, pp. 1220-1231, July. 2010.

C. T. Chen, Linear System Theory and Design, Oxford, UK: Oxford
University Press, 2009.

G. Tang, Z. He, H. Pang, X. Huang, and X. Zhang, “Basic topology and
key devices of the five-terminal DC grid,” CSEE Journal of Power and
Energy Systems, vol. 1, no. 2, pp. 22-35, Jun. 2015.

397

[33] P. M. Anderson, and A. A. Fouad, POWER SYSTEM CONTROL AND
STABILITY, 2th ed. Wiley, IND: Pvt. Limited, 2008.

[34] F. Wu, Y. Ma, N. Mei, and X. Zou, “Design of main connection scheme
for Zhoushan flexible multi-terminal HVDC transmission project,”
Power System Technology, vol. 38, no. 10, pp. 2651-2657, Oct. 2014.

Qing Mu was born in Changzhou, China, in 1983.
He received his B.Sc. degree in Automatic Control
from the Institute of Electrical Engineering, Zhejiang
University, Hangzhou, China, in 2005 and his M. Sc.
and Ph.D. degrees from the China Electric Power
Research Institute, Beijing, China, in 2010 and 2013,
respectively.

He is currently an engineer with the power system
department of the China Electrical Power Research
Institute. His research interests include power sys-
tems, HVDC, renewable energy generation.

Jun Liang (M’02-SM’12) received his B.S. de-
gree from Huazhong University of Science and
Technology, Wuhan, China, in 1992 and his M.S.
and Ph.D. degrees from the China Electric Power
Research Institute (CEPRI), Beijing, in 1995 and
1998, respectively. From 1998 to 2001, he was a
Senior Engineer with CEPRI. From 2001 to 2005,
he was with the Imperial College, London, U.K. as a
Research Associate. From 2005 to 2007, he was with
the University of Glamorgan as a Senior Lecturer.
Currently, he is a Senior Lecturer at the School of

Engineering, Cardiff University, Cardiff, U.K. His research interests include
HVDC, flexible AC transmission systems (FACTS), power system stability
control, power electronics, and renewable power generation.

AWM

Xiaoxin Zhou (F’96-LF’10) graduated from the
Electrical Engineering Department, Tsinghua Uni-
versity, Beijing, China, in 1965. He was the Chief
Engineer of China Electric Power Research Institute
(CEPRI) until 2010. He is currently an Honorary
President of CEPRI. He is a member of the Chinese
Academy of Sciences. In 2008, he received the
Nari Hingorani FACTS Award from IEEE Power &
Energy Society. His research interests include power
systems, real-time simulation technology, FACTS
devices, and renewable energy generation.

Gen Li (M’18) received the B.Eng. degree from
Northeast Electric Power University, Jilin, China, in
2011, the M.Sc. degree from Nanyang Technological
University, Singapore, in 2013 and the Ph.D. de-
gree from Cardiff University, Cardiff, U.K. in 2018.
From 2013 to 2016, he was a Marie Curie Early
Stage Research Fellow funded by European Union’s
MEDOW project. He has been a Visiting Researcher
at China Electric Power Research Institute, Beijing,
China, at Elia, Brussels, Belgium and at Toshiba
International (Europe), London, U.K. He has been

a Research Associate at the School of Engineering, Cardiff University, since
2017. His research interests include HVDC and MVDC technologies, power
electronics, power system stability control and reliability analysis of HVDC

and MVDC.

s\

Xing Zhang (M’12) received his B.Sc. and M.Sc.
degrees in Electrical Engineering from Tsinghua
University, Beijing, China, in 2003 and 2006, respec-
tively and received his PhD. degree from the China
Electric Power Research Institute (CEPRI), Beijing,
in 2015.

His current research interests include power sys-
tem digital simulation, power system stability and
control.



