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Abstract - In order to study the interface algorithm of electromechanical transient simulation of
power system based on PSD-PS Model. After a thorough study of the hybrid simulation interface
algorithm, a multi-threaded parallel computing method based on PSD-PS Model hybrid simulation
program is proposed. The parallel realization algorithm of linear multi-phase coupling inductance,
capacitance and resistance branches is used to improve the electromagnetic transient simulation
accuracy of electromechanical side networks. The least square method of a periodic component and
curve fitting method based on FFT (Fast Fourier Transform) fitting algorithm are used to improve
the accuracy of electromagnetic transient simulation in interface algorithm, and the negative
resistance processing algorithm based on current correction is used to improve the stability of
hybrid simulation program. The results show that the multi-threaded parallel computing of PSD-PS
Model hybrid simulation electromagnetic transient algorithm subroutine aims to improve the
processor utilization and the speed of simulation calculation. It has high theoretical value and very

practical engineering value.
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1. Introduction

China has a vast territory, but the development of
economy and the distribution of resources are
extremely unbalanced. The central and eastern
regions are economically developed, with relatively
concentrated electricity load, but relatively lack of
energy. The western region is rich in resources, but
its electricity load is relatively small. In order to
solve the problems of power supply shortage in the
eastern region and resource development and
utilization in the western region, and to realize the
optimal allocation of energy resources in the whole
country, China's power grid construction has
implemented the development strategy of "national
interconnection, energy transmission from west to
east, and mutual supply between north and south”
[1].

The development of hydropower resources is
concentrated in southwest China. In the future, large
hydropower bases such as Xiluodu, Jinping, Longtan,
Xiangjiaba, Nuozhadu, Xiaowan, Guanyinyan and
Lianghekou will be built one after another. The
development of thermal power resources in China
will focus on the northwest and northeast regions.
Large thermal power bases such as Xinjiang, Inner
Mongolia, Shanxi, Shaanxi and Ningxia will be built.
The energy of these thermal power bases is
transferred to central and Eastern China, which are
1000 to 2000 kilometers away. Considering

economy and land saving, it is an inevitable choice
for optimizing energy allocation, saving transmission
corridors and reducing losses by adopting UHVDC
(Ultra High Voltage Direct Current) and UHVAC
(Ultra High Voltage Alternating Current) to
cooperate with each other to transfer power from
the energy center to the load center [2].

The hybrid simulation technology of power
system has a history of more than 40 years. The
earliest hybrid simulation technology is NETOMAC
software developed by Siemens in 1970s. Heffernan
first built a hybrid simulation system considering the
electromagnetic transient model of HVDC (High
Voltage DC), in which HVDC is modeled in detail by
using state variables. Reeve and Adapa proposed
extending the interface part of hybrid simulation to
the AC system, which makes the interface form
flexible and diverse, and can prevent the problems
caused by too serious waveform distortion and
phase imbalance at the interface bus, but increases
the complexity of the interface algorithm. Anderson
Anderson proposed a method of using frequency-
dependent equivalent impedance circuit on the
electromechanical side, which can solve the
problems of waveform distortion and phase
unbalance at the interface in hybrid simulation with
very little computation. At the same time, the
fundamental wave extraction method based on least
square method is used to convert the discrete
sequence data of the electromagnetic transient side
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into the fundamental wave phasor required by the
electromechanical side, and satisfactory results are
obtained.

With the rapid development of domestic power
grid, the scale of UHV AC/DC hybrid power grid is
gradually expanding. The research of hybrid
simulation technology has become a key direction of
simulation technology. The influence of different
interface timing modes on the dynamic simulation
process of the system is explained in mechanism.

A new algorithm based on the real matrix of
differential admittance on the electromagnetic side
is proposed to directly solve the equivalent complex
impedance. The interface algorithm of hybrid
simulation is improved. Parallel interaction mode is
used to improve the speed of hybrid simulation
when the system runs in steady state. Serial
interaction mode is used to ensure the accuracy of
hybrid simulation when the system network
topology changes. Based on the electromagnetic and
electromechanical transient simulation program
developed independently, a complete hybrid
simulation experiment platform is designed and
developed. The PSD-PS Model hybrid simulation
platform independently developed by the Chinese
Academy of Electric Power Sciences adopts a multi-
step variable step electromagnetic transient
simulation algorithm considering arbitrary multiple
events, which can well deal with the problem of
arbitrary multiple events search and numerical
oscillation. A hybrid simulation interface algorithm
considering asymmetric fault of power grid is
adopted. The terminal bus of converter is selected as
the hybrid simulation algorithm, and the interface
bus is simple and efficient. The Thevenin equivalence
of positive and negative tri-sequence of fundamental
wave and the injection current of positive and
negative tri-sequence of fundamental wave are taken
into account. It is suitable for any type of faults in
large-scale power grid and has good adaptability. An
approximate algorithm of fundamental negative
sequence current compensation method is proposed
to solve the problem of asymmetry of three-phase
admittance matrix of electromagnetic transient
caused by unequal positive and negative sequence
parameters in The venin equivalent process of AC
system, which is inconsistent with the basic
algorithm of electromagnetic transient simulation

[3].

2. Implementation of Mathematical
Model of Electric Power System
Components and Electromechanical
Transient Simulation Program

The dynamic characteristics of each element in
the power grid determine the electromechanical
transient process of the power system. Therefore,
the transient stability analysis of power system

should first establish its mathematical model
according to the dynamic characteristics of
components, and then make up the mathematical
model of the whole system according to the
structure of the system, and then use appropriate
mathematical methods to solve it.

In power system stability analysis, the
electromagnetic transient process in generator
stator circuit and power network is usually
neglected, and the equivalent impedance of circuit
and transformer is used to describe them. In
addition, for the same system transient process, for
different analysis accuracy and speed requirements,
the accuracy of mathematical models used in
components is also different.

Therefore, when building mathematical models
of components, it is not only necessary to study their
exact models, but also to consider various simplified
models to meet different needs. The dynamic
characteristics and mathematical models of
synchronous motor and other components are
mainly discussed, which are used in the transient
stability simulation program of power system [4].

2.1 Rotor motion equation of synchronous
motor

When the rotor of the engine and generator is
regarded as a rigid body, the relationship between
the mechanical angular acceleration of the
synchronous motor rotor and the unbalanced torque
acting on the rotor axis is as follows:

dw.

L ey ()
In the formula, W, is the time constant of the
T3

B

generator set, unit: s; W, is the kinetic energy of the

rotor at synchronous speed, unit: J; S is the
B

reference capacity, unit: VA; T and T, are the
m e

per-unit values of the mechanical torque of the
prime mover and the electromagnetic torque of the
generator, respectively.

According to the characteristics of speed and
torque and » » the relationship between the

o=
(08

mechanical power P of the prime mover, the
m

electromagnetic power =8 of the generator and
e

T and T, can be deduced as follows:

Pm* :T m*a)*

P, =T - (2)
In general stability calculation, because the speed of
the unit does not change much (), = 1), the torque

T, and Ty can be approximately replaced by P,
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and P When the electric angle 0 between the
e

rotor q axis and the rotating reference axis x of the
system is in radians, the derivative of O for time is
the relative rotational speed between the rotor and
the synchronous rotational speed, then Formula (2)
can be rewritten into the following equation of state

[5]:

?Tf:(a)ﬁl)a)s (3)
dp. 1
Tofzf(Pm'_ Pe')

2.2 Current and voltage equation of
synchronous motor

Transient analysis of power system is to study
the transient behavior of the system after
disturbance under a given steady-state operation
mode. Therefore, it is necessary to know the
operation parameters of the system under the
steady-state operation mode before disturbance or
the relationship between them. According to the
accuracy of the mathematical model, there are three
kinds of steady-state equations for synchronous
motor.

Steady state equation expressed by synchronous
reactance is:

Efq:EqI (4)
Ud+Ra|d_Xq|q:0 } (5)
Uq+Ra|q+Xd|d:Eq|

Formula (4) is used to establish the relationship
between no-load potential = and excitation voltage
in steady state.
U f
Steady state equation expressed by transient
reactance is:

ud+Ra|d—x;|q=E;} (6)
U.*R.l.+X.l.=E,

Because the transient potential E is
q

proportional to the total flux linkage of the excitation
winding, the total flux linkage of the excitation
winding before and after disturbance cannot mutate,
SO E'q cannot mutate, that is, it will keep the value of

the moment before disturbance at the moment after

disturbance. If the system is in normal operation

before disturbance, the size of E‘ can be obtained
q

by the parameter substituting in Formula (6) in
normal operation.

In the usual stability calculation, when the
analysis process is short or the accuracy
requirement is not high, the assumed values of Eq

remain unchanged in the calculation process. This
assumption is adopted in the transient stability
analysis of the simplified model, which can simplify
the whole calculation process [6].

Steady-state equations expressed by sub-
transient parameters are:

UstRul =X 1.=E (7)
U. R+ X l.=E,

The model can be used to calculate accurately,
considering both the transient process of stator
winding and the influence of damper winding on the
transient process, and simulates the sub-transient
electromagnetic process of synchronous motor. The
two-axis model with damper windings is adopted in
the transient stability analysis of complex models.

It should be pointed out that because the rotor
positions of synchronous motors in the system are
generally different, it is necessary to set up a unified
coordinate reference axes x and y in the whole
system in order to establish the relationship
between d and q axis operation parameters of
synchronous motors. The coordinate transformation
relationship between d, q and x, y components is
shown as follows.

Al [sins  coss| Ag
A, 7[70056 sinﬁ} A,
As| [sins —coss] Ay (8)
A, _Losé sin(S} A,

In Formula (8), A can represent current, voltage,
flux and various potential [7].

2.3 Electromagnetic transient
equation of synchronous motor

process

The change process of transient potential E and
q

E, sub-transient potential E"q and E, of

synchronous motor are closely related to the
transient and sub-transient electromagnetic process
of rotor windings. The differential equation
describing the change law of E‘u’ E'E q,and E“d of

the potential is actually an expression of the
electromagnetic transient process of synchronous
motor rotor. The equation of synchronous motor
expressed by motor parameters is:

V.= Xdateuteq 9)
l//q=—X qiq+ed1+ed2

Xd_x‘:u
Xu_x d
€= (Xo~ X o)isteates

e‘q:_(Xui)(‘u)id+eq1+ €q2

b _ s xuix‘u
Ea’(Xq Xu)|q+eu1+xq_x“qeaz
e“d:(Xqix“q)iq+eu1+edz
(10)
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2.4 Realization of electromechanical
transient simulation program

When the power system is subject to large
reactions, the key to the transient stability of the
power system is whether the synchronous operation
of the generators can be maintained. Due to the
disturbance of the system, the input mechanical
power and the output electromagnetic power of the
generator cannot be balanced, which will lead to the
change of the speed and angle of the generator rotor
as well as the relative swing between the generators.

If the relative swing between these units is finally
stabilized and the synchronous operation of each
generating unit is restored, it is called system
transient stability; on the contrary, if the relative
angle between the rotors of each generating unit
increases continuously under such disturbance, the
synchronous operation cannot be maintained,
resulting in the unstable output voltage and power
oscillation of the whole power system, it is called
system losing its transient stability.

At present, there are two main methods to
analyze power system transient stability in the
world, one is time-domain simulation method, also
known as step by step method, and the other is
direct method, also known as transient energy
function method. The time domain simulation
method is based on the topological relationship of
the components in the power system.

The model elements are connected into a whole
system model to form corresponding differential
equations and algebraic equations.

Then, the numerical solution of the disturbed
system can be obtained by setting the data of the
system in steady state as the initial value. That is to
say, the state and algebraic quantities of the system
can be obtained step by step, and then the rocking
curve of the engine rotor can be obtained.

According to the curve, it can be judged whether
the generator unit in the system can continue to
operate synchronously, that is, whether the system
transient is stable or not [8].

The direct method is different from the time
domain analysis method in that it judges whether
the system is stable or not according to the energy
criterion. But its model is relatively simple and
cannot take into account the effect of excitation
system on stability.

When the power grid is large or encounters a
series of disturbances, the direct method of time-
domain simulation with poor speed and accuracy
can adapt to various system components and
manage various faults of power grid, so it is widely
used at present.

2.5 Procedure flow of electromechanical
transient simulation

In transient stability analysis, the original data,
including initial node voltage, load, network
parameters, generator and regulating system
parameters, are input first.

Then, the nodal admittance matrix is formed and
the power flow is calculated to obtain the voltage
and injection power of each node.

According to the results of power flow
calculation, the generator and regulation system are
initialized, and the equivalent admittance of load and
transient admittance of generator are incorporated
into the admittance matrix.

Next, the fault of the power grid is determined.

When the system fails, the nodal admittance
matrix of the system should be corrected
accordingly. Since there is no abrupt change in the
state of the system and the algebraic quantity will
change at the moment of fault, it is necessary to solve
the abrupt algebraic quantity according to the
algebraic equation of the system after fault. If no
fault occurs, then go directly to the next simulation
calculation [9].

Next, the transient potential, sub-transient
potential, angular velocity, power angle and other
state variables of the generator are solved, and then
the injection current of the generator to the node can
be obtained, and the new node voltage can be
obtained by solving the network equation.

If there is no instability, the simulation will be
finished. If there is no instability, the simulation time
will be judged.

If not, the system will be returned to the fault
diagnosis office for further processing. If the system
reaches the pre-set simulation room, the simulation
will be completed and the results will be output.
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A\ Step-Size Calculation for Entering Electromechanical
Transient

Other Processing Processes of Electromechanical Transient
Program

S
<Judging whether the system is or not Network
x
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Update of electromechanical transient subsystem at port
Port Equivalent Impedance Matrix in Open Circuit

[

Electromagnetic Transient Based on Compensation
Normal Equation and Last Iteration Network Injection
Current to Solve Open-circuit \Voltage at Port

|

Norton Equivalent Network Parameters Transferred to
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|

The electromagnetic transient subsystem is simulated.
Solving the Equivalent Current at Injection Port of
Electromagnetic Transient Subsystem

Other Processing Processes of Electromechanical
Transient Program

|

A Step-Size Calculation of Exit Electromechanical

Transient

Figure 1: Computational flow chart of hybrid simulation interface program

3. PSD-PS Model Hybrid Simulation
Interface Algorithms And Further
Research

The PSD-PS Model hybrid simulation program is
based on the BPA-PSD power system transient
stability analysis program and PS Model power
electronics and electromagnetic transient simulation
program.

Through the hybrid simulation interface
algorithm, the electromagnetic transient calculation
program is embedded in the electromechanical
transient calculation program to realize the
electromechanical transient hybrid simulation.
Among them, BPA-PSD provides the system dynamic
component model commonly used in the
electromechanical transient stability analysis.

The GEAR method with variable order and step
size is used for numerical integration, and the
differential and algebraic equations of the system are
solved simultaneously.

The technology and application of BPA-PSD are
very mature. It can complete the simulation
calculation of power system with single fault,
complex fault and stability measures.

PS Model provides the electromagnetic transient
model of all components in HVDC transmission
system. Implicit trapezoidal algorithm with good
numerical stability and mature algorithm is used to
solve partial differential equations and transfer
function of control system.

In PSD-PS Model hybrid simulation program,
interface algorithm is the key technology to realize
hybrid simulation. Next, the methods of power
system network partition and equivalent algorithm
of electromechanical transient subsystem in PSD-PS
Model interface algorithm will be introduced in turn
[10].

3.1 Power system network partition based
on hybrid simulation

Hybrid simulation program usually divides
power system network into three parts:
electromechanical transient subsystem,
electromagnetic transient subsystem and interface
part.

As shown in Figure 2, the traditional AC network
is placed in the electromechanical transient
subsystem, and the networks with fast response
power electronic devices such as HVDC transmission
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system and FACTS are placed in the electromagnetic
transient subsystem. The AC buses connected
between the electromechanical transient subsystem

and the electromagnetic transient subsystem are
used as the hybrid simulation interface part [11].
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Figure 2: Power system network partitioning based on hybrid simulation

When HVDC system is divided into
electromagnetic transient subsystems by hybrid
simulation interface algorithm, the AC bus of
converter of HVDC system is usually chosen as the
interface bus of hybrid simulation or the position of
interface bus is extended to the internal part of AC
system, so that part of AC network is included in the
electromagnetic transient subsystem.

Although the location of interface bus is extended
to the internal part of AC system, which makes the
location selection of interface bus more flexible, it
increases the complexity of hybrid simulation
interface algorithm and data processing.

At present, this method is seldom used. The PSD-
PS Model hybrid simulation interface algorithm
selects the position of the interface part on the
primary AC bus of the converter transformer. With
this interface location, the following advantages are
taken into account: the electromagnetic transient
subsystem of hybrid simulation mainly includes
components and control system of HVDC
transmission system, and the calculation amount of
electromagnetic transient is relatively small, and the
calculation efficiency of hybrid simulation is
relatively high; The current and voltage on the
primary AC bus of converter transformer are
relatively stable, which is beneficial to the numerical
stability of electromagnetic transient simulation.

The hybrid simulation interface is relatively
simple. When the electromagnetic transient
subsystem and the electromechanical transient
subsystem are equivalent to each other, the network
equivalent algorithm and data conversion algorithm
are relatively simple.

The electromagnetic transient subsystem
includes filters and SVC devices at the commutation
bus. It can improve the analysis accuracy of dynamic
characteristics of fast response components.

Because the location of interface bus is located on
the primary AC bus of converter transformer, when
asymmetric fault or fault near converter occurs, the
waveform distortion of converter caused by phase
imbalance and harmonics will be more serious,
especially when DC system is directly connected
with weak AC system. At present, UHVDC systems
constructed and put into operation in China are
directly connected with strong AC systems, and the
influence of phase imbalance and harmonics is small,
so the simulation error of interface algorithm is also
small.

Therefore, the PSD-PS Model hybrid simulation
interface algorithm chooses the primary AC bus of
converter transformer as the hybrid simulation
interface part [12].

3.2 Network equivalence and data exchange
in hybrid simulation

Hybrid simulation needs to use the electrical
information of the opposite side network to
participate in the simulation calculation of the
electromechanical side subsystem and the
electromagnetic side subsystem.

The hybrid simulation program uses the interface
equivalent algorithm to equate the network topology
and network parameters of the electromagnetic side
subsystem to the electromechanical side subsystem

International Journal of Mechatronics and Applied Mechanics, 2019, Issue 5 241



Interface Algorithms for Electromechanical Transient Simulation of Power System Based on PSD-PS Model

in the form of equivalent circuit, and participates in
the electromechanical transient simulation.

The network topology and network parameters
of the electromechanical side subsystem are
equivalent to the electromagnetic side subsystem in
the form of equivalent circuit to participate in
electromagnetic transient simulation.

The electromechanical transient simulation is
based on positive and negative sequence
fundamental frequency pharos parameters, and
electromagnetic transient simulation is based on
ABC three-phase instantaneous value parameters.

For mutual equivalence, it is necessary to
transform the equivalent network of the
electromechanical subsystem into ABC three-phase
instantaneous value form, and the equivalent
network of the discrete instantaneous value of the
electromagnetic subsystem into positive and
negative zero sequence fundamental frequency
pharos form.

When the PSD-PS Model hybrid simulation
interface  algorithm is equivalent to the
electromagnetic side of the electromechanical side
subsystem, the equivalent Norton equivalent
network is adopted and converted into the Norton
equivalent network based on the three-phase
instantaneous value of ABC and incorporated into
the electromagnetic side subsystem. When the
electromagnetic side subsystem is equivalent to the
electromechanical side, the fundamental frequency
constant power load form is adopted to extract the
fundamental frequency load component based on
positive and negative zero sequence, and the
simulation is carried out in the electromechanical
side subsystem.

The PSD-PS Model hybrid simulation interface
algorithm takes the network topology and
simulation results of the electromechanical
subsystem as the form of Norton circuit when the
electromechanical subsystem is equivalent to the
electromagnetic side. The interface in hybrid
simulation is usually in the form of multiple ports, so
the electromechanical side subsystem is equivalent
to the electromagnetic side in the form of Norton
equivalent network with multi-terminal coupling
[13].

The calculation steps of the multi-terminal
coupling Norton equivalence from the
electromechanical side  subsystem to the
electromagnetic side are as follows:

Firstly, the equivalent impedance matrix Zi of the
electromechanical transient subsystem at the
interface of hybrid simulation is obtained.

Then, according to the equivalent injection

current 11 of the port obtained from the
electromagnetic side subsystem, the open-circuit
voltage Vo at the hybrid simulation interface of the
computer side subsystem with the node voltage Vn
in the electromechanical side subsystem is corrected.

Finally, according to the open-circuit voltage Vo of
the electromechanical side subsystem and the

equivalent impedance matrix Z of the port at the
interface, the multi-terminal coupled Norton
equivalent circuit of the electromechanical side
subsystem is obtained. The multi-terminal coupled
Norton equivalent circuit based on positive and
negative zero sequence is transformed into multi-
terminal coupled Norton equivalent circuit based on
ABC three-phase instantaneous value.

Figure 3: Norton equivalent form to electromagnetic
side of electromechanical transient subsystem

After obtaining the three-phase instantaneous
equivalent circuit of the electromechanical side
subsystem, the electromagnetic transient model of
the  electromechanical side  subsystem is
incorporated into the network partial differential
equation group of the electro-magnetic side
subsystem to solve the problem, and the simulation
of the electro-magnetic transient subsystem is
completed.

The method of calculating the equivalent
impedance matrix 7z, of the port is presented. At the
beginning of hybrid simulation, the equivalent
impedance matrix 7, of the port at the interface of
the subsystem of the electromechanical side is
needed. In each simulation step of electromechanical
transient simulation, if the network topology
remains unchanged, the port equivalent impedance
matrix z, of the electromechanical side subsystem at
the interface does not need to be calculated again. If
the network topology of the electromechanical
transient subsystem changes (such as fault, fault
removal, etc.), the port equivalent impedance matrix
Z, of the electromechanical transient subsystem at
the interface changes, it needs to be recalculated.

The PSD-PS Model hybrid simulation interface
algorithm calculates the port equivalent impedance
matrix 7, at the interface as follows:

It is assumed that the number of ports at the
hybrid simulation interface is m and the number of
nodes in the subsystem on the electromechanical
side is n. At m ports, the unit current is injected to
calculate the voltage of each node, as shown in
Formula (11).

V= (Vl,l’ Vias V1,3"'V1,n)

v, =<V2,17V2‘27V2‘3-"V2,n) (11)

Vm= (Vm,l’vm,Z'va"'me )
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In the formula, V., refers to the node voltage of

port n is the value of unit current injected into port
m. The self-impedance of port k is the node voltage
value V, , of port k when unit current is injected at

port k, and the mutual impedance between port i and
port j is the node voltage value V, j of port j when

unit current is injected at port i. From this, the port
impedance matrix of the electromechanical side
subsystem at the interface can be obtained, as shown
in Formula (12).

211250 L g Ty
221’ Z2 21 22 3""22 m
Z_ (12)
| Zot Znas Zng - Zon |

When the node voltage of the modified
electromechanical transient subsystem begins with
each calculation step of electromechanical transient,
the injected current I|i from the port of the
equivalent interface of the electromagnetic side
subsystem will be obtained. According to the
compensation algorithm, the circuit equivalent
equation at the port is shown in Formula (13):

V, =V, +Z,, (13)
In the formula, v, is the port voltage, Vv, is the
open voltage at the port, I, is the current injected

into the port for the subsystem of the
electromagnetic side, and z, is the equivalent

impedance matrix of the port. Assuming that the port
injection current obtained from the subsystem on
the electromagnetic side is ||, the port node voltage

V, of the subsystem on the motor side is corrected

according to the formula, as shown in Formula (14):

According to the corrected voltage Vi and injected

current 1 of the port node, the corrected voltage Vi
of all the nodes is obtained through the iterative
calculation of  electromechanical transient
simulation.

The open voltage at the interface of the computer
electrical transient subsystem extracts the node

V,

voltage ' at the port from the modified node

voltage Vn, as shown in Formula (15).

V, = (Vi Vp,VayeenVy ) (15)
In Formula (15), Vx is the voltage value modified for
port x. According to the formula, the known port
voltage and the port open voltage at injection
current can be obtained, as shown in Formula (16):

V) =v, -z, (16)

The multi-terminal coupled Norton equivalent
network of the electromechanical transient

subsystem is formed by the positive sequence open-
0

circuit voltage ' and impedance matrix Z of the
port.

The Thevenin equivalent network form of the
electromechanical side subsystem at the interface is
transformed into Norton equivalent network form,
and the multi-terminal coupled Norton equivalent
network is formed as shown in Figure 4. In order to
accurately calculate the network topology structure
and the equivalent network from asymmetric
electrical quantity to electromagnetic side of the
electromechanical side subsystem, the positive
sequence, negative sequence and zero sequence
multi-terminal coupling equivalent network of the
electromechanical side subsystem at the interface
should be calculated separately to obtain the
complete positive and negative sequence Norton

Vlv =V,O +Z,. IVI (14 equivalent network.
In {,/ _____ en:p___-—\\
! I—Eg—l [1 - |
. g
! |
N I I
%11 : B | |
2 : : |
[ ] I i |
ol [b | |
= . l
Ziz IS I U .
- = I |
IIm I I :
1 | I |
\I z |
ZIm A . — i‘\fDitr.ﬁmEioL FA_C-TS_ — /

Figure 4: Multistage coupled Norton networks for electromagnetic
transient side equivalents of mechatronic side subsystems
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The differential equation based on ABC three-phase
instantaneous value is used in electromagnetic
transient calculation. It is necessary to transform the
Norton equivalent network based on positive and
negative zero sequence into the Norton equivalent
form based on instantaneous value and incorporate
it into the network equation of the electromagnetic
side subsystem.

3.3 Improvement of fundamental wave
extraction algorithms for instantaneous
results of electromagnetic transients

When the subsystem of electromagnetic side in
PSD-PS Model hybrid simulation is equivalent to the
electromechanical side, it is necessary to return the
information of voltage, current or power calculated
in a window time (usually one electromechanical
transient step and half cycle wave in large power
grid) to the electromechanical transient electronic
program.

In the simulation results of electromagnetic
transient, especially in the period after the network
topology changes, there are large a periodic
components and harmonics.

The electromechanical transient subroutine
cannot use these periodic components and harmonic
components.

Because of the need for digital filtering of these
returns, the amplitude and phase angle of
fundamental components can be obtained.

The commonly used algorithms in digital fitting
algorithms are least squares method and discrete
Fourier transforms method.

Among them, the least squares method has the
characteristics of flexible data window selection,
strong high-frequency anti-noise ability, and strong
adaptability to small fluctuation of fundamental
frequency; the discrete Fourier transform algorithm
has the characteristics of mature algorithm, strong
anti-interference ability and fast calculation speed.

A method combining least squares method with
FFT fitting algorithm is proposed to improve the
calculation accuracy of the equivalent value of the
electromagnetic transient simulation results to the
electromechanical transient side in  hybrid
simulation.

When there are large a periodic components in
the simulation data of electromagnetic transient
simulation by least square method considering a
periodic components, it is necessary to fit by least
square method considering a periodic components.

A least squares curve fitting method considering
a periodic component is proposed.

FFT-based curve fitting algorithm; FFT has the
characteristics of mature algorithm, strong anti-
interference ability and fast calculation speed in
digital filtering. A FFT-based curve fitting algorithm
is proposed, which can be applied to the
fundamental wave component fitting when the
electromagnetic side subsystem is equivalent to the
electromechanical side.

The instantaneous value of electromagnetic
transient is variable step size, and the step size is
less than 100ps.

The sampling data in FFT window is obtained by
Lagrange quadratic interpolation method [14].

The improvement of curve fitting method based
on least square method makes it possible to take into
account non-periodic components.

A fitting method based on FFT is proposed, which
can obtain more accurate results in the fundamental
wave extraction of electromagnetic transient
subsystem.

In order to make use of the advantages of least
squares fitting method and FFT fitting method, and
improve the accuracy of fundamental wave
extraction of electromagnetic transient subsystem
results, a lot of tests have been done on the curve
fitting effect of the two methods.

Transient data of electromagnetic transient
Least Square Extraction
400 —— FFT extraction

200 -

VAGY)
o
1

-200 +

-400

0.95 1.00

time(sec)

Figure 5: Comparison of curve fitting results of node voltage in electromagnetic transient simulation
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In the comparison of the test results, as shown in
Figure 5, the least squares method and FFT-based
method have very good results in the curve fitting of
voltage and other parameters (no a periodic
component and less harmonic component). As
shown in Figure 6 and Figure 7, in the curve fitting of
current and other parameters (with a periodic

1A(pu)
o
1

component and large harmonic component), in a
period of time when the network topology changes,
there will be large a periodic component and
harmonic wave in the results of electromagnetic
transient simulation. The least square method and
FFT fitting method have some differences in the
results of curve fitting.

Transient data of electromagnetic transient|
—— Least Square Extraction
—— FFT extraction

0.96

As shown in Figure 6, the instantaneous data of
electromagnetic transient consist of discrete data
points.

The results of least square method and FFT fitting
method are composed of half sinusoidal waves with
periodic components.

The results of curve fitting for a period of time
after the fault show that the least square method is

IA(pu)

time(sec)

Figure 6: Comparison of curve fitting after a current fault in electromagnetic transient simulation

better than FFT-based fitting algorithm in the two
weeks after the fault because of the high harmonic
content in the electromagnetic transient and other

reasons.

After two cycles of fault, the curve fitting effect
based on FFT fitting algorithm is better than that
based on least square method due to the reduction of
harmonic content in data.

Transient data of electromagnetic transient|
Least Square Extraction
——FFT extraction

1.16

T T T T T T T T 1
1.18 1.20 1.22

time(sec)

Figure 7: Comparison of curve fitting results of node voltage in electromagnetic transient simulation

As shown in Figure 7, the two cycles after the
elimination of the fault, due to the large harmonic
content in the data, the digital filtering effect of the
least square method is better. After two cycles of
fault elimination, the digital filtering effect based on
FFT fitting algorithm is good.

The comparison results show that the least
square method has better fitting effect in the two
weeks after the network topology changes due to the
large harmonic content and other reasons. After two
cycles, the digital filtering based on FFT fitting
algorithm is better in the process of network
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gradually restoring stability.  Therefore, a
combination of least squares method considering a
periodic components and FFT-based fitting
algorithm is proposed. In the two cycles after the
network topology changes, the least squares method
considering a periodic components is used to fit the
curve.

After two cycles, the FFT-based fitting algorithm
is used to fit the curve, and then their respective
curves are used to simulate.

The fitting time interval is better, which improves
the calculation accuracy of extracting the
fundamental component from the electromagnetic
transient simulation results to the equivalent time of
the electromechanical side.

3.4 Negative resistance processing method
based on current correction for port
equivalent admittance matrix

In the actual power grid simulation, there are
some simplified simulations of small generators
(negative load model) and some asymmetric faults in
the data of the electromechanical transient
subsystem, which will lead to the negative resistance
of the port equivalent admittance matrix of the
electromechanical subsystem in the process of
electromagnetic transient conversion.

Because the electromagnetic transient simulation
algorithm does not support the calculation of
negative resistance, it will lead to the direct
divergence of the electromagnetic transient
simulation results or the termination of the
calculation program. When calculating divergence
caused by negative resistance in PSD-PS Model
electromagnetic transient simulation subroutine, the
negative resistance is an individual phenomenon and
the value of negative resistance is small, so the
method of zero negative resistance is adopted. By
using this method, the equivalent admittance matrix
of the port is approximately modified, so there will
be some simulation errors.

A method of negative resistance treatment based
on current correction for port equivalent impedance
is proposed, which can deal with the negative
resistance phenomenon in port equivalent
admittance matrix by modifying the current source
in Norton equivalent circuit, so that the PSD-PS
Model hybrid simulation interface algorithm can
ensure the calculation accuracy in the process of
equivalent.

This method not only guarantees the equivalent
calculation accuracy of PSD-PS Model hybrid
simulation interface algorithm, but also solves the
problem of divergence of electromagnetic transient
results or program interruption caused by negative
resistance in equivalent admittance matrix in
electromagnetic transient subsystem [15].

4. Hybrid Simulation Multithreaded
Parallel Computing Technology

The electromagnetic transient subroutine of PSD-
PS Model hybrid simulation program is mainly used
for detailed electromagnetic transient simulation of
DC system. With the increase of DC system in
electromagnetic transient subsystem, the complexity
of network and control system of electromagnetic
transient subsystem increases, and the simulation
speed of electromagnetic transient subsystem will
decrease sharply.

The control system of HVDC transmission is very
complex and the calculation is huge.

When simulating the electromagnetic transient of
the actual HVDC system, the time consumed by
simulation will increase exponentially with the
increase of the number of HVDC systems. When the
scale of power system reaches a certain level, the
number of DC systems increases continuously, which
makes it very difficult to simulate the PSD-PS Model
transient hybrid simulation program with serial
calculation method on personal PC.

In order to make full use of the processor's multi-
core processing technology and improve the
simulation speed of electromagnetic transient
subroutines in hybrid simulation, it is possible to
simulate large-scale AC/DC hybrid simulation on
personal computers. The parallel computing
methods commonly wused in electromagnetic
transient simulation are studied.

According to the characteristics of PSD-PS Model
hybrid simulation, a parallel computing method for
electromechanical transient side decoupling is
proposed to realize the mutual decoupling between
different DC systems, and multithreaded parallel
computing method is used to program the hybrid
simulation interface program. PSD-PS Model hybrid
simulation program for multi-threaded parallel
computing is tested in large power grid from two
aspects of simulation accuracy and simulation speed.

4.1 Multithread parallel hybrid simulation of
electromechanical transient side-solving
networks

In the simulation time of PSD-PS Model hybrid
simulation program, the electromagnetic transient
subroutine accounts for the vast majority of the
simulation time. Multithread parallel computation of
the electromagnetic transient subroutine can
improve the simulation speed of the electromagnetic
transient subroutine and realize the acceleration of
the PSD-PS Model hybrid simulation program.
Parallel computation of electromagnetic transient
subroutine can divide subsystems of electromagnetic
side, and parallel computation can be carried out for
different dividing areas.
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A hybrid simulation multi-threaded parallel
algorithm for electromechanical transient side
decoupling is proposed, which divides the DC system
in the electromechanical transient subsystem and
decouples the DC system.

The simulation calculation is carried out in
different electromagnetic transient subroutines,
which not only reduces the calculation scale of
electromagnetic transient simulation, but also forms

Interfacel
Hybrid
Electromec simulati
. Interface2
hanical on
Transient interfac
Subsystem e
(Task 0) algorith
Interface3 m

parallel computation of different DC systems and
improves the simulation speed of electromagnetic
transient program.

At the same time, using the multi-threading
computing advantages of multi-core processors,
parallel computing of multi-threading is adopted to
further accelerate the simulation speed of
electromagnetic transient subsystem.

Electromagnetic Transient

Simulation (Task 1)

Electromagnetic Transient

Simulation (Task 2)

Electromagnetic Transient

Simulation (Task 3)

Figure 8: Hybrid simulation multi-threaded parallel algorithm for electromechanical transient side unwinding

In parallel computation, the equivalent model
and calculation method of electromagnetic transient
subsystem to electromechanical transient simulation
are basically the same as that of hybrid simulation
serial calculation method in PSD-PS Model hybrid
simulation  parallel calculation method of
electromagnetic transient subsystem to
electromechanical transient simulation.

After the calculation of N electromagnetic
transient programs of electromagnetic transient
subsystem, the equivalent constant power loads at
both ends of DC system in each partitioned area are
calculated.

The equivalent fundamental pharos constant
power load is transformed into an equivalent
constant power load model based on positive and
negatives zero sequence. After the equivalent value
of the N-bar DC system of the electromagnetic
transient subsystem is 2N constant power loads, it is
incorporated into the 2N ports of the
electromechanical transient subsystem to carry out
the next long electromechanical transient simulation
calculation.

Through the above-mentioned key problems,
such as parallel partitioning method of
electromagnetic transient subsystem, control timing
strategy of parallel computing, multi-task
partitioning method of parallel computing, thread
control mechanism of parallel computing, multi-
thread communication mechanism of parallel
computing, and equivalent algorithm from
electromechanical transient subsystem to
electromagnetic transient side and equivalent
algorithm from  electromechanical transient
subsystem to electromechanical transient side, etc.

All the key computational processes in the hybrid
simulation multithreaded parallel algorithm for
electromechanical transient side unwinding have
been obtained.

According to the above method, the PSD-PS
Model hybrid simulation interface program is
programmed in multi-threaded parallel computing.

4.2 Computing flow of hybrid simulation
multithread parallel computing program

A hybrid simulation multi-threaded parallel
algorithm for electromechanical transient side
unwinding is proposed, and all the Kkey
computational processes in the multi-threaded
parallel algorithm are studied. Based on the above
research results, multi-threaded parallel computing
programming for PSD-PS Model hybrid simulation
interface program will be carried out.

When programming multithreaded parallel
computing, it is necessary to provide different
memory storage units for parallel computation of
electromagnetic transient subroutines, set up
independent simulation programs for
electromagnetic transient calculation in different
partitioned areas, allocate global-based
communication memory areas and set their access
mechanisms.

The electromagnetic transient calculation process
and all functions in each partitioned area are
integrated and packaged into computational task
functions, and the electromagnetic transient
simulation of the equivalent network parameters of
the electromechanical transient subroutine is
compiled.
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Norton equivalent network parameters of
electromechanical transient subsystem are
transferred to electromagnetic transient side

A 4

Reading the information of each subsystem
and calculating the parameters of the

electromechanical transient equivalent network

of each subsystem

Y

y

Update data in memory unit of each
partitioning subsystem, and other processing of
electromagnetic transient subroutine

A 4

Obtaining the Number of Core M of Computer
Processor and Number N of Electromagnetic
Transient Partitioning Subsystem

Y

Open up M computing threads and distribute N
computing tasks to M threads as evenly as

possible.
A 4
Open up N computing threads and assign one
computing task to each computing thread.
A 4

Start all computing threads and start
electromagnetic transient simulation
calculation

A

Isthere a compute thread abort?

All electromagnetic transient computing
threads are terminated and all computing
threads are closed

A 4

Other Processing of Electromagnetic Transient
Subprogram

Whether to Return to
Electromechanical Transient
Simulation

Equivalent electromagnetic transient
simulation results to electromechanical
transient side

Figure 9: Flow chart of hybrid simulation multithreaded parallel computing program

248

International Journal of Mechatronics and Applied Mechanics, 2019, Issue 5



Interface Algorithms for Electromechanical Transient Simulation of Power System Based on PSD-PS Model

As shown in the figure, on the basis of the flow
chart of the hybrid simulation multithreaded parallel
computing program, the control program of the
electromagnetic transient calculation part of the
hybrid simulation interface program is carried out,
which can realize the multithreaded parallel
computing flow control and function realization of
the electromagnetic transient subroutine.

5. Conclusion

Based on the background of the rapid development
of UHV AC/DC parallel operation power grid and the
increasing number and capacity of HVDC
transmission projects in China, and on the basis of
the PSD-PS

Model hybrid simulation program developed by
China Electric Power Research Institute, a thorough
study is made on the calculation accuracy and speed
of the hybrid simulation interface algorithm. A lot of
research and work have been done. The PSD-PS

Model hybrid simulation program has been
greatly improved from the two aspects of calculation
accuracy and calculation speed of the hybrid
simulation interface algorithm, which makes it more
practical in engineering.

The main research and conclusions are as
follows:

Firstly, the electromechanical transient
simulation program is realized and the flow chart of
the electromechanical transient simulation program
is discussed.

Secondly, a curve fitting method combining the
least square method of a periodic component and
FFT fitting algorithm is proposed to improve the
accuracy of extracting fundamental wave from
transient electromagnetic results, and to improve
the calculation accuracy of  equivalent
electromagnetic transient simulation results to the
electromechanical side.

Thirdly, a hybrid simulation interface algorithm
validation method based on pure electromechanical
transient simulation comparison is proposed. The
test results of the improved PSD-PS Model hybrid
simulation interface algorithm show that the
improved PSD-PS Model hybrid simulation interface
algorithm has very high calculation accuracy.

In summary, the calculation accuracy and
stability of the interface algorithm is improved
through the in-depth study of the interface
algorithm, and the calculation speed of hybrid
simulation is greatly improved by using multi-
threaded parallel computing method, which has high
engineering value.

At present, the hybrid electromechanical-
electromagnetic transient simulation technology is
still in the stage of continuous research and
improvement. In the future, the following problems
will be studied in depth: there is still a gap between
electromagnetic transient subroutine and foreign

advanced level in simulation model and simulation
technology; there is still a gap between
electromagnetic transient control model of DC
system and actual system; some frequency
dependence problems in hybrid simulation interface
algorithm have not been solved.
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