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Abstract: To enhance the stability and accuracy of the digital-physical hybrid simulation system
of a modular multilevel converter-based high voltage direct current (MMC-HVDC) system, this
paper presents an improved power interface modeling algorithm based on ideal transformer
method (ITM). By analyzing the stability condition of a hybrid simulation system based on the
ITM model, the current of a so-called virtual resistance is added to the control signal of the controlled
current source in the digital subsystem, and the stability of the hybrid simulation system with the
improved power interface model is analyzed. The value of the virtual resistance is optimized by
comprehensively considering system stability and simulation precision. A two-terminal bipolar
MMC-HVDC simulation system based on the proposed power interface model is established.
The comparisons of the simulation results verify that the proposed method can effectively improve the
stability of the hybrid simulation system, and at the same time has the advantages of high simulation
accuracy and easy implementation.

Keywords: modular multilevel converter; digital-physical hybrid system; ITM model; system
stability; virtual resistance compensation

1. Introduction

The topology of a voltage source converter-high voltage direct current (VSC-HVDC) system is
evolving gradually from the monopole to the pseudo bipolar, and then the newly true bipolar, to
accommodate the ever-increasing capacity of the electric power to be transmitted [1-3]. The dynamic
behavior of an MMC-based bipolar VSC-HVDC system, which is characterized by a large number of
power electronic devices and more diversified operation modes, is so complicated that it is hard to
predict accurately with a pure digital simulator [4], thus this urges the development of a digital-physical
hybrid simulation (DPHS) system [5,6].

Playing a key role in integrating the digital simulation subsystem with the physical scaled
subsystem to implement a DPHS, the power interface unit has attracted considerable attention
regarding its control accuracy, response speed, and the most concerning issue, the modeling method.

Currently, the ideal transformer method (ITM) and damping impedance method (DIM) are the two
effective methods to accurately represent the power interface burdened with the physical subsystem
in the digital subsystem.

ITM, which was first proposed in Reference [7], is more appreciated since it can part the
VSC-HVDC system into two subsystems at any desired location in a direct and convenient way.
Reference [8] carries out theoretical analysis of the performance of the ITM from the aspects of
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system stability and simulation accuracy, and concludes that this method is of a better active load
capacity but a poor system stability. Inserting a passive element, for example an inductor [9], into the
physical subsystem seems to be an intuitive and easy way to improve the stability of an ITM-based
DPHS system. However, this newcomer that originally does not belong to a VSC-HVDC system
implies a higher power loss and implementation cost of the DYHS system, and more importantly,
degrades the simulation accuracy. Additionally, aiming at improving the stability of a DYHS
system, References [10,11] present a so-called feedback current filtering method that can be realized
conveniently in software. However, the practicability of this method is very limited due to the
difficulty in tuning the parameters of the filter. Based on the fact that the stability conditions for the
voltage-source-ITM and current-source-ITM are exactly contrary to each other, reference [12] proposes a
novel real-time switching ITM-based algorithm that when one type of ITM fails to guarantee the system
stability, the other type of ITM is then activated in time, thereby maintaining the stable operation of a
DPHS system in all the circumstances. However, the lack of a reliable and universal criterion for the
switching of the ITM methods hinders the wide application of this method. In summary, the ITM has
stability problems and needs appropriate improvement.

As for the DIM-based methods proposed in [13-15] that intend to achieve real-time impedance
matching by solving the equivalent impedance of the physical subsystem based on the measurements of
the voltage and current at the port of the power interface unit interfacing with the physical subsystem,
they are expected to be improved further to accommodate for an active system of which the equivalent
impedance varies sharply and frequently, such as the VSC-HVDC. In general, the DIM solves the
stability problem, but its implementation is more complicated.

This paper proposes a novel concept of virtual resistance compensation for modelling the power
interface unit of the DPHS of a VSC-HVDC system, aiming at improving the system stability in a
cost-effective way. The major innovation of this paper is as follows: (1) the control signal of the
controlled current source utilized in the current ITM to represent the power interface unit burdened
with the physical subsystem is improved by adding the current of a virtual resistance. This tiny
modification in the model of the power interface unit not only can improve the stability of the whole
DPHS system dramatically, but also facilitate the implementation of the proposed method greatly. (2)
By comprehensively considering the system ability improvement and simulation accuracy, the value
of the virtual resistance is properly tuned, thus guaranteeing the desired performances for a DPHS
system to simulate the physical VSC-HVDC engineering.

The remainder of this paper is structured as follows: the operation principle and stability analysis
of a DPHS system based on current ITM method are introduced in Section 2. Section 3 presents the
main contribution of this paper, i.e., the virtual resistance compensation algorithm for the power
interface unit of a DPHS system, the method for tuning the resistance is also given in this section.
The simulation results to verify the validity and effectiveness of the proposed algorithm are presented
in Section 4. Finally, in Section 5, the main findings of the paper are summarized.

2. Operation Principle of the Power Interface of a DPHS System

2.1. General Structure of the DPHS System

As shown in Figure 1, the DPHS system is generally structured by a digital simulation subsystem
that simulates the real AC power system to which the VSC-HVDC connects, a physical dynamic
modeling subsystem which is the real VSC-HVDC system in a reduced scale, the control and protection
devices of the whole power system, and the power interface unit that plays a key role in the successful
implementation of the DPHS system.
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Figure 1. General structure of a digital-physical hybrid simulation (DPHS) system.

Only by designing the power interface unit elaborately to provide a two-way functionality, can
the digital simulation subsystem and the physical dynamic modeling subsystem, which are distinctly
different in operation principle, voltage/current levels and system nature (continuous vs. discrete),
cooperate and interact with each other to behave precisely as the actual power system integrated with
VSC-HVDC systems. That is on the one hand, the power amplifier of the power interface amplifies
the analog signals which are converted by the D/A converter from the digital signals output from
the digital simulation subsystem, thereby the physical dynamic modeling subsystem can operate as
desired. On the other hand, the power interface unit samples the necessary signals of the physical
dynamic modeling subsystem via the Potential Transformers (PTs) and Current Transformers (CTs)
and converts them into digital signals by the embedded A/D converters, then transmits these signals
to the digital simulation subsystem in time to prepare for the solution of the AC system in the next
simulation time step.

We can learn from the previous explanation that plenty of factors may affect the performance of
the power interface unit, and thus the operation the whole DPHS system; for example the conversion
accuracy and speed of the A/D and D/A converter, and the measurement accuracy and response
speed of the PTs and CTs. This paper regards the power amplifier as a delay link in the analysis of
system stability and devotes itself to find an effective and practical algorithm in modeling the power
interface to improve the stability of the DPHS system.

2.2. Current Modeling Method Based on ITM

The voltage-source-based version of the ITM algorithm, which has been widely applied in
modelling the power interface of a hybrid simulation system [7-12], is chosen as the foundation in this
paper to support the voltage source converters of the VSC-HVDC system. Figure 2 is the equivalent
circuit of the DPHS system based on current voltage-source-based ITM method.

Digital side ~ Power interface Physical side

Figure 2. Equivalent circuit of the DPHS based on a voltage-source-ITM (ideal transformer method).

In Figure 2, Us(s)/ Zs(s) and Upy(s)/Zy(s) are the equivalent voltage source/impedance of the
digital and physical subsystem respectively. U (s) and I;(s) are the voltage and current at the port of
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the digital subsystem interfacing with the power interface unit, U(s) and I(s) represent the actual
output voltage and current of the power interface. The controlled current source, which is under the
control of the sampled signal of I(s), is used to model the remaining circuit of the DPHS besides the
AC system in the digital simulation subsystem, while the controlled voltage source represents the
power amplifier outputting voltage U;(s), which lags behind the control signal U(s) in time by a
constant of T.

2.3. System Stability Analysis of the Current ITM-Based Modeling Method

In this paper, we apply the s-domain stability analysis method to evaluate the stability of the
DPHS system with a delay time introduced by the power interface unit. The discretization feature of
the digital simulation process is bypassed.

With Ug(s) = 0, the voltage U (s) and Uj(s) at digital and physical port of the power interface unit
can be derived from Figure 2 as:

Un(s) = Us(s) — hi(s)Zs(s)
_ )
Us(s) = I2(s)Zp(s)

The outputs of the controlled current and voltage source are, respectively:

@

Uy(s) = Uy(s)e™sT
Li(s) = Ix(s)

By combining the above two formulas, we can obtain:

Uy (s) e—sT

Us(s) 1+ ZZ(S) e=sT ®

Zy(s)

The open loop transfer function of the system shown in Figure 2 can be solved from Formula (3) as:

G(s) = ;;((SS)) eT @

The condition in to guarantee the system stability can be deduced according to the Nyquist
stability criterion as:

‘ Zs(s)
Zu(s)

In equality (5) implies that the whole DPHS system is stable only when the amplitude of the
equivalent impedance of the physical subsystem is larger than that of the digital subsystem. Therefore,
to improve the stability of a DPHS system, we can increase | Zy(s) | and/or decrease | Zg(s) | by: (1)
redesigning the physical subsystem. Obviously, this method has hardly any chance to be put into

<1 ®)

practice due to the fact that the involved possible additions and/or modifications of the main-circuit
elements and the operation modes of the physical subsystem, just for the purpose of improving the
stability of the DPHS system, are unacceptable. The scheme proposed in Reference [16] seems to be an
exception in that the DPHS system is decoupled at the system-side of the converter transformer instead
of the converter-side, thereby increasing | Zy(s)| and decreasing | Zs(s)| at the same time. However,
this way is of a very poor practicability in that the investment and land occupation of the DPHS system
are expected to increase dramatically when the converter transformers are implemented physically; (2)
redesigning the simulation model in the digital subsystem. In theory, this way is more appreciated due
to its obvious advantages of very easy implementation and convenient adjustment. Similarly, the part
of the simulation model that represents the real AC power system cannot be modified for the purpose
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of stability improvement only, thus the controlled current source, which simulates the power interface
burdened with the physical subsystem, is our last straw to clutch at.

3. Power Interface Modeling Method Based on Virtual Resistance Compensation

3.1. Principle of the Improved Modeling Method

Figure 3 illustrates the circuit of a DPHS system with our improved power interface model.
We can see that the signal in controlling the controlled current source is updated by adding a current
flowing through a virtual resistor R* to the output current of the power interface.

Z(s) Ui(s) ]2(\5) Zi(s)

4

U Ui(s)e™”

Us(s) ><\l/> Uils)
1(s) = 1, (s)
1 RAORIAC) | 1
BT
Digital side ~ Power interface Physical side

Figure 3. Equivalent circuit of the DPHS based on the improved power interface model.

The outputs of the controlled current and voltage source in Figure 3 are respectively:

{ Up(s) = Uy (s)e ™"

§)—Up(s 6
L(s) = L(s) + Uy ( )R*UZ( ) (®)

The second equation in Formula (6) implies that the virtual resistor R* only functions when the
time delay T is nonzero.
By combining Formulas (1) and (6), we can obtain:

R* —sT
Uz(s) B R*+Zs(s)e @)
Us(s) 14 ZsO)R—ZaG)) ,—oT
s) 1+ 2R

The open loop transfer function of the system shown in Figure 3 can be derived according to the
above equation as:
Zs(s)(R* = Zu(s)) —s1
G(s) = e’
= 2o &+ 2505)
Then the stability condition of the DPHS system with the improved power interface model can be
solved according to the Nyquist stability criterion as:

Zs(s) (R — ZH(S))’ _ ‘ Zs(s)
Zy(s)(R* +Zs(s)) | [Zu(s)

®)

<1 )

‘R* —Zu(s)
R* + Zs(s)

By comparing the two stability conditions expressed in Formulas (5) and (9) respectively, we can
know that the stability of the DPHS system is indeed influenced by the simple method of introducing
a virtual resistor R*, and if properly tuned, this virtual resistor will provide us with a cost-effective
measure to achieve the goal of improving the stability of a DPHS system, or even stabilizing a DPHS
system which is originally unstable.
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3.2. System Stability Analysis
Zs(s) =sL1 + Ry and Zg(s) = sLy + Ry, respectively, and further assuming s = jw, we can obtain:

(Ry +jwLy)(R* = Ry — jwLy)

- - <1 10
(Ry 4 jwLy)(R* + Ry + jwLq) (10)

Formula (10) can be reformed by removing the sign for absolute value solution as:

(w?L% 4+ R? — w?L3 — R})

R* <1 11

Simplifying the above formula by recalling Zs(s) = sL; + Ry and Zy(s) = sLp + Rp, we can obtain:
(1Z5(s)* = 1Zu () )R" < 2(R|Zs(s)[* + Ra|Zu(5)[) (12)

Several interesting conclusions regarding the system stability can be drawn from the analysis of
Formula (12) as:

(1) When 1Zg(s)| < 1Zy(s) |, we can know from Formulas (5) and (12) that both the DPHS systems
adopting the voltage-source-type ITM method and our virtual resistance compensation modeling
algorithm with R* > 0 are stable. Therefore, we can conclude that the system stability will not be
degraded by the introduction of the virtual resistor with any positive value at least.

(2) When 1Zg(s)| > | Zy(s) |, the voltage-source-type ITM method fails to guarantee the stability
of the DPHS system. While Formula (12) definitely informs us that the system stability can be
recovered by just adding a virtual resistor into the power interface model, provided that the
resistance satisfies:

R < 2RlZs()" + Ri|Z(5)1)

13
Z5(5) P = 1Zu(s) 19

3.3. Tuning Method for the Virtual Resistance

In theory, the virtual resistor of a value that is much smaller than the right-side of the inequality
(Equation (13)) is appreciated in that it can provide the DPHS system with a larger stability margin.
While the second equation in Formula (6) indicates that due to the participation of the current in the
virtual resistor, the behavior of the power interface burdened with the physical subsystem observed
from the digital side (represented by I;(s)) deviates from its reality (represented by I5(s)), and this
deviation tends to be larger with a smaller value of R*.

Therefore, to offer the DPHS system a simulation accuracy as high as possible under the premise
of guaranteeing the system stability, R* is tuned to be of a value that satisfies Formula (13) in all the
possible combinations of the impedance Zs(s) and Zy(s), that is,

R* = max {min

2(R2|ZS(S)|22+R1|ZH(25)2)]} (14)
1Zs(s)|” = |Zu(s)]

For the DPHS of a bipolar VSC-HVDC system, the digital side equivalent impedance Zs(s) is
of a constant value under steady operation and it can be obtained conveniently via the impedance
scanning technology, while the impedance Zy(s) is variable due to the fast switching of the converters.
Taking 1Zy(s)| as the base value, Figure 4 shows the per-unit value of R* as a function of Zy(s) with
Ry =08p.u.
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R*(p.u.)

wl, (p.u.) R, (pu.)

Figure 4. The relationship between R* and ZH (p.u.).

Figure 4 informs us that R* should be of a smaller value for R, and wL, with smaller values,
thus the minimum value of the impedance of the physical subsystem is the key factor in determining
the virtual impedance. In this paper, we solve this issue roughly according to the mono-polar AC
equivalent circuit of the MMC shown in Figure 5.

+p
Rarmap Rarmpbp Rarmep
Ly L,
T
Ly L,
Rarman Rarmbn
N

Figure 5. Equivalent circuit of an modular multilevel converter (MMC).

In Figure 5, Lt and Ly are the equivalent inductance of the converter transformer and the
inductance in each arm of the converter, respectively. Rarmjp and Rarmjjn,(j = a, b, ¢), which is of
a time-invariant value, represents the resistance in the upper and lower arm of leg j of the monopole
converter, respectively.

We consider the scenario that the DC bus of the converter is short-circuited to calculate the
minimum value of | Zy(s) | from Figure 5 as:

Romin = sNRon (15)
Lomin = Lt + &

where N is the number of the series modules in an arm and Roy is the equivalent on-resistance of a
module. For a VSC-HVDC with the bipolar arrangement, the values of Ry min and Ly min are half of
those solved from Formula (15).

4. Simulation Verification

We corroborate the correctness and effectiveness of virtual-resistance-compensation-based
modeling algorithm by carrying out plenty of simulations on the model shown in Figure 6 using
PSCAD software.
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Figure 6. Structure of the simulation model.

The physical subsystem is characterized by a two-terminal true bipolar VSC-HVDC system
with MMC-based converters, and the sub-module is established with the Thevenin equivalent model.
Each AC terminal is connected to the corresponding AC power system realized in the digital subsystem

through a power interface.
Table 1 summarizes the parameter values of the main circuit elements and settings of the

simulation model.
The minimum values of R, and L, can be solved from Table 1 as: Ry min = (90 x 0.005)/4 = 0.1125 )
and Ly min = 0.058 H.

Table 1. Elements parameter values and simulation model settings.

Parameter Value
Rated line-to-line voltage 500 kV
AC systems R¢1 and Rgq 120
Lg1 and Lg; 0.06 H
Rated capacity 1500 MVA
Converter transformers Transformation ratio 500/270
Ly 01p.u.
Ly 0.1H
Converters N 90
Ron 0.005 O)
DC svstem Rated DC voltage +500 kV
Y Rated transmission capacity 1200 MVA
P . . T 50 us
ower interface Time delay of A/D and CTs 0us
. . Simulation step size 10 ps
Simulation model Simulation time 3s

4.1. Verification of the Virtual Resistance modeling Algorithm

Figure 7 illustrate the waveform of the physical subsystem voltage U, for the original ITM-based
power interface unit model.
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0 0.03 0.06
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Figure 7. Waveform of the voltage for the original ITM interface model.

As seen from Figure 7, when applying the original ITM to model the power interface unit, U,
begins to oscillate at about t = 0.05 s and the DPHS system will lose stability thereafter. The reason is
that the system stability condition, i.e., Formula (5) has been violated since | Zs(s)! /1 Zg(s)| =1.05> 1.

Substituting Ry min = 0.1125 ), Ly min = 0.058 H and w = 100 7t into Formula (14), we can obtain
R* =35 (), and the physical subsystem voltage U, for our improved power interface unit model is
shown in Figure 8.

5001

Ux(kV)

= Original system

= Improved ITM

-500

0 Otl 0.‘2
1(s)

Figure 8. Waveform of the voltage for the improved ITM interface model.

The “original system’ refers to the simulation model of the actual MMC-HVDC project, i.e., the
one in which the structure is similar to that shown in Figure 6 but without the two power interface
models, and its simulation results are taken as the benchmarks in this paper.

Figure 8 shows that by improving the power interface model with the virtual resistance
compensation, the DPHS system is stable and the waveform of the voltage U, agrees well with
that of the original system. These results validate the correctness of our improved ITM and the
effectiveness of the parameter tuning method of the virtual resistance in guaranteeing the stability of
the DPHS system.

4.2. Simulation Accuracy of the Virtual Resistance Modeling Algorithm

The following three indicators are used to evaluate the accuracy of a DPHS system in simulating
the original system.

Pt — P
5p = |2t x 100% (16)
Pref
Vg — V
Sy = | LT | % 100% (17)
Vref
Eof—E
Sp = [ =1 % 100% (18)
Eref

where Pt/ P, Viet/V and E,.¢/E are respectively the active power P of the power interface, the RMS
value of the phase voltage U, of the physical subsystem and the positive polar DC voltage E, of the
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original system/the DPHS system with our improved ITM, as shown in Figure 6. The variations of the
relative simulation error ép, 5y and Jg are depicted in Figure 9.

0.4r

—

Errors(%)
S
.
Z
S
5 ;
3
\\,
=

1.6 13 2
«(s)

Figure 9. Relative errors of P, V and E.

We can learn from Figure 9 that for R* = 35 (), the relative errors dp, 6y and Jg are lower than 0.3%,
0.07% and 0.4% respectively. These results prove that by introducing a properly tuned virtual resistance

into the model of the power interface, not only the stability of a DPHS system can be improved, but
also a high simulation accuracy can be guaranteed.

4.3. Simulation Accuracy for Different Values of the Virtual Impedance

Figure 10 shows the waveforms of the active power P, the phase voltage U, and the power
interface output current I, in steady state for R* =15 (3, 25 () and 35 Q).

8001

Original

— R*=15
system

R*=25

R*=35

4001

Us(kV)

1.6 1.62 1.64 1.66 1.68
1s)

(a) phase voltage U

Original
I system

R*=15 R*=25 R*=35 ‘ 1

h(kA)

(b) phase current I
1220

Original
system

—R*=15

R*=25

R*=35 ‘

P(MW)

6 1.7 1.8 1.9 2
i(s)

(c) active power P

Figure 10. Simulation results comparison for different values of R*. (a) phase voltage U,, (b) phase
current I, (c) active power P.



Electronics 2018, 7, 333 11 of 13

We can learn that for R* with different values that all satisfy the stability condition (Equation (13)),
the voltages at the port of the physical subsystem interfacing with the power interface unit are almost
the same, as shown in Figure 10a. The active powers of the power interface unit shown in Figure 10b
have similar values, which are lower than those of the original system. As seen from Figure 10b, the
currents of the physical subsystem deviate slightly from that of the original system due to the insertion
of the virtual resistance, and a smaller value of R* offers a larger time delay for the current in tracking
its reference. These results prove that the virtual resistance being of a value that is as large as possible
is preferred in guaranteeing a higher simulation accuracy for the DPHS system.

4.4. Verification of the Virtual Resistance Modeling Algorithm in the Transient Process

The simulation of AC and DC faults is carried out in PSCAD. Fault settings are (1) three-phase
short-circuit grounding fault at bus 1; and (2) bipolar short-circuit fault at the middle of HVDC
transmission line, the fault occurs in 2 s, and the simulation results are shown in Figure 11.

Original System with
system improved ITM

<— Fault 1

1.9 192 194 196 198 2 202 204 206 208 2.1
«(s)

(a) Uz, I and E when AC fault occurs

500 Original System with
system improved ITM

Uy(kV)

<«— Fault2

L(kA)

-200

19 192 194 19 198 2 202 204 206 208 21
1(s)

(b) Uz, I and E when DC fault occurs

Figure 11. Simulation results in the transient process. (a) Uy, I, and E when AC fault occurs. (b) Uy, I,
and E when DC fault occurs.
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We can learn from Figure 11 that when an AC or a DC fault occurs, the hybrid simulation system
with improved interface model can maintain stable operation. The maximum relative error of each
index quantity during the transient process is given in Table 2.

Table 2. Simulation errors in the transient process.

6p (%) Sy (%) S (%)

Normal 0.30 0.07 0.40
Fault 1 0.28 0 0.53
Fault 2 0.44 0.23 0

We can learn from Table 2 that the method proposed in this paper can still guarantee the accuracy
of the system in the transient process.

5. Conclusions

This paper carries out research on the modelling algorithm for the power interface unit of the
DPHS system of a bipolar VSC-HVDC project. An improved version of the current ITM that is based
on the virtual resistance compensation technology is proposed with the aim to improve the stability
of the DPHS system. By comprehensively considering the system stability and simulation accuracy,
the value of the virtual resistance is optimized according to the system stability criterion. Simulation
results verify that the proposed modelling algorithm and virtual resistance tuning method for the
power interface unit can effectively improve the stability and guarantee the high simulation accuracy
of a DPHS system. Furthermore, its excellent advantage of very easy implementation provides a solid
foundation for the research of the joint trial operation technology of the DPHS of a VSC-HVDC system.
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