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Abstract: In recent years, the high frequency oscillation (HFO) accidents caused by long
link delay in modular multilevel converter-based high-voltage direct current (MMC-HVDC)
transmission projects have posed new challenges to the safety and stability of power system
operation. This paper adopts delay stability margin to measure the high frequency stability of
the MMC-HVDC system and derives the state space model of the MMC-HVDC time-delay
system considering the link delay. The Lyapunov direct method is extended to the stability
analysis of the MMC-HVDC time-delay system and the delay stability margin of the system
is solved based on the linear matrix inequality (LMI). Then the influence of the controller
parameters on the delay stability margin of the MMC-HVDC system is analyzed. Based
on improved Smith predictive compensation control, an HFO suppression strategy of the
MMC-HVDC system is proposed to improve the high frequency stability of the system by
equivalently reducing and eliminating the total link delay. The effectiveness of the Lyapunov
direct method for solving the delay stability margin of the MMC-HVDC system and the
superiority of the proposed HFO suppression strategy are verified by the time-domain
simulation in PSCAD/EMTDC. The research provides a novel viewpoint for the study of the
HFO and suppression strategy of the MMC-HVDC system.

Key words: delay stability margin, HFO, improved Smith predictive compensation control,
Lyapunov direct method, MMC-HVDC

1. Introduction

The rapid development of high voltage direct current (HVDC) based on modular multi-level
converters (MMCs) has been driven by their suitability for large-scale integration of renewable
energy sources [1]. However, this progress has brought about an increase in the occurrence of high
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frequency oscillation (HFO). Several HFO events of different types have been reported worldwide.
For instance, a 290 Hz oscillation event occurred in BorWinl of Germany [2] and the 1.6 kHz
oscillation in the INELFE France-Spain grid interconnection project [3]. Similarly, the 1 270 Hz
oscillation in the Lu’Xi HVDC project [4], the 700 Hz/1 800 Hz oscillations in the Yu’'E HVDC
project [5] and the 2 kHz oscillation in the Rudong MMC-HVDC-based offshore wind farm
integration project occurred in China [6]. HFO not only degrades the energy transmission efficiency
of the MMC station but also deteriorates its power quality. In severe cases, they can lead to the
converter station to trip, which poses a great threat to the safe and stable operation of the power
system [7]. Therefore, analyzing the mechanism of HFO and designing oscillation suppression
strategies have important theoretical significance and practiced value to ensure the safe and stable
operation of the MMC-HVDC system.

Currently, there are two main methods for analyzing the mechanism of HFO: impedance
analysis and eigenvalue analysis methods. The impedance analysis method takes port current
and voltage as input and output to obtain an impedance model and base on which the frequency
response characteristics of the system are analyzed. The stability of the system is analyzed through
Bode plots or Nyquist curves [8]. Without considering the sub-module (SM) capacitor voltage
dynamics, the impedance of MMC is a multi-input multi-output (MIMO) transfer function, which
requires the use of generalized the Nyquist theory to analyze the stability of the system [9]. When
the system is analyzed using sequence impedance, the high-frequency responses of positive and
negative sequence impedances are almost identical. At this time, the MMC can be considered
as a single-input single-output (SISO) system, and the positive sequence impedance is used as
the transfer function of the system [10]. However, when using the impedance analysis method,
the conclusion obtained is the stability of the port, so it cannot reflect the internal stability
of the MMC [11].

The eigenvalue analysis method determines the stability of a system by solving for the
eigenvalues of the Jacobian matrix of the system. If all the real parts of the eigenvalues are negative,
the system is stable, otherwise, it is unstable. With the in-depth research on the MMC-HVDC
system by the eigenvalue analysis method, the effects of the phase-locked loop (PLL), outer and
inner loops, circulating current suppression controller (CCSC), and AC grid strength on HFO are
gradually revealed. Among them, the inner loop current controller has a significant influence on
the HFO of the system [12]. Due to the inclusion of time delay in the modulation section, i.e., e,
Td represents time delay, the characteristic equations become transcendental equations, which
makes it impossible to directly solve the eigenvalues. In [13], the link delay in the MMC-HVDC
system is replaced by the Pade approximation, and the transcendental equations are transformed
into rational characteristic equations. It is found that the link delay has a significant impact on the
high-frequency stability of the system. However, the Pade approximation introduces additional
differential state equations, increasing the complexity of the model. Moreover, if various delays in
the system are taken into account, the order of the state equations will become very high, leading
to a “disaster of dimensionality” [14].

Based on the above research, it is known that the MMC-HVDC system can be regarded as
a nonlinear time-delay system. As far as current research is concerned, the Lyapunov direct method
is widely used in the stability studies of time-delay power systems [15]. However, no scholars
have yet extended the Lyapunov direct method to the study of the stability of the MMC-HVDC
time-delay system.
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As far as the suppression strategy of HFO is concerned, the embedded filter method and the
damping method are mainly used for the MMC-HVDC system. A low-pass filter is embedded in
the grid voltage feedforward path of the current inner loop control to improve the phase margin
of the system in the high frequency band and suppress the HFO of the system [4]. In [16], the
third-order filter and the second-order filter are inserted into the voltage feedforward path and
the proportional path of the current controller, respectively, and it is concluded that the lower
bandwidth and higher order are more beneficial to the suppression of HFO. Two suppression
strategies are proposed in [5]: one is to replace the low-pass filter of the voltage feedforward path
with a round function and the other is to design a second-order damping controller to imitate
the passive filter. Both methods can effectively suppress the HFO of the MMC-HVDC system.
However, the methods of embedded filters in the grid voltage feedforward path used in [16] and
the damping method used in [5] have not fundamentally eliminated the effect of delay on the
deterioration of the system stability. In addition, [17] and [18] provide a robust control strategy
based on H,/H,, which are applied to the suppressions of low frequency and high frequency
oscillations, respectively, but the controller has more parameters and the design is more complex.
The Smith predictive compensation control algorithm is proposed for the first time in [19], which
predicts the dynamic response of the system in advance and equivalently compensates the time
delay of the system by adding the Smith predictive compensation to the feedback channel. So far,
the Smith predictive compensation control has been applied to temperature control systems [20],
network control systems [21], and photoelectric tracking systems [22], which effectively overcome
the influence of the time delay on the system stability. However, there is no literature to apply the
Smith predictive compensation control to suppress HFO of the MMC-HVDC system.

The remainder of this paper is organized as follows. Section 2 introduces the MMC-HVDC
system. In Section 3, the state space model of the MMC-HVDC time-delay system is established
and the stability analysis method is proposed. In Section 4, the influence factors of high-frequency
stability for the MMC-HVDC time-delay system are analyzed. Section 5 proposes a suppression
strategy of HFO for the MMC-HVDC system based on improved Smith predictive compensation
control. Simulation results are presented and discussed in Section 6. The conclusions are drawn in
Section 7.

2. Study system

The main circuit and control structure of the MMC-HVDC system are depicted in Fig. 1, in
which the MMC adopts the double closed-loop PI control based on rotating the dg frame and the
CSCC adopts PI control. In the actual HVDC project, the total link delay of the MMC-HVDC
system includes electrical quantity sampling, pole control, valve control, modulation and SM
switching [9]. As shown in Fig. 1, the total link delay of the MMC-HVDC system is denoted by
Gy, where G4 = e™*°, T represents the total system link delay.

The single-phase topology of the MMC is shown in Fig. 2. Uy, and 1. denote DC voltage and
current, respectively. L, and R, represent the arm inductance and resistance, respectively. u;, i; and
m; (i = P, N) represent the MMC upper and lower arm voltage, current and switching function,
respectively. us and i, are the converter AC side voltage and current, respectively. i ;- represents the
arm circulating current, which mainly contains DC and a second harmonic component. Ls and Ry
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Fig. 2. Single phase topology of MMC

represent the inductance and resistance of the AC grid, respectively. The equivalent mathematical
model of the MMC-HVDC system is G(s) = 1/(sLeq + Req), where Req = Rt + Rp + R, /2 and
Leq = Lt + Lt + Ly /2, Lt and Ry denote the transformer equivalent inductance and resistance,
respectively. L¢ and Ry are the phase reactor inductance and resistance, respectively. This paper
focuses on the HFO between the rectifier-side MMC and the AC system. Therefore, assumed that
the inverter-side MMC maintains the DC voltage constant through DC voltage control.
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3. System modeling and stability analysis method

3.1. State space model of MMC-HVDC time-delay system

According to existing research and engineering cases, the bandwidth of power outer-loop
control of the MMC-HVDC system is far less than that of current inner-loop control. As a result,
the influence of the outer-loop control on HFO can be ignored [4,9]. In this section, a state-space
model of the MMC-HVDC time-delay system considering the SM capacitor voltage dynamics,
current inner loop control, PLL and CCSC is developed, as shown in Appendix A.

Through eliminating the algebraic variables of differential equations, the time-delay differential
equations containing only state variables are obtained as

x=f(x,x(t-1))), (1

where x and x (¢ — 7) represent the state variables without time delay and ones with time delay of
the MMC-HVDC system, respectively.
Linearizing Eq. (1) at the equilibrium point to obtain the small signal differential equations as
follows:
Ax =AgAx + A Ax (t — 1), 2)

where Ag and A represent the Jacobi matrix composed of state variables without time delay and
ones with time delay, respectively.

3.2. Lyapunov stability criterion based on LMI

The theory of linear matrix inequality (LMI) has led to the widespread use of the Lyapunov—
Krasovskii direct method as the main method for studying the stability of time-delay systems [23].
Therefore, this paper combines the Lyapunov—Krasovskii theorem and LMI to analyze the high
frequency stability of the MMC-HVDC time-delay system.

The Lyapunov—Krasovskii theorem is briefly stated as follows: Firstly, establish a bounded
positive definite Lyapunov function V. If the derivative of the function V along the trajectory of the
time-delay dynamical system is negative definite, the time-delay system can be determined to be
asymptotically stable. Based on methods of model transformation, the problem of a negative definite
derivative function can be transformed into the problem of solving linear matrix inequality [23].

For the small signal MMC-HVDC time-delay system shown in Eq. (2), the LMI form of the
Lyapunov stability criterion is briefly stated as follows: given a scalar 4 > 0, if exist X = Xsz > 0,
X»=X,>0,P=P" >0,0=0" >0,Z=2" > 0and matrices N;, N2, X1» with suitable
dimension so that inequalities (3) and (4) hold, the time-delay system expressed as Eq. (2) is
asymptotically stable for all time delay 7 € [0, 2] [24].

| @ +hALZAy @1n + hALZA,

D = <0, 3
o, + hATZA) @y +hATZA, 3)

X1 X N
Y = X{Z X»n Ny | >0, 4)

NI NIz
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where
®;; =PA)+ALP+ N, +NT + Q + hXyy,
®, = PA; - N, + N} + hX12,
D) =-N; —Ng - Q + hX7).

3.3. Solving steps of delay stability margin for MM C-HVDC system

Based on the small-signal mathematical model of the MMC-HVDC time-delay system and the
Lyapunov stability criterion, the delay stability margin of the MMC-HVDC system is solved as
follows:

1. Time-delay differential equations as shown in Eq. (1) of the MMC-HVDC system are

obtained by eliminating the algebraic variables, and through linearizing it at the equilibrium
point of the system, the standard form is obtained as Eq. (2).

2. Give a large search interval [Tpmin, Tmax | containing the delay stability margin of the system
and the time accuracy 7.

3. Let & = (Tmin + Tmax)/2 and establish the LMI in MATLAB as shown in inequalities (3)
and (4) to transform the stability problem for the time-delay system into an LMI feasibility
problem.

4. Use the feasp solver of the LMI toolbox in MATLAB to judge the feasibility of inequalities (3)
and (4), i.e., whether the above two LMIs hold or not.

5. If the LMIs hold, let T, = h; conversely, let T = h.

6. Judge whether |Tax — Tmin| < Tac i true, if so, the delay stability margin of the system
is h; otherwise, return to step 3 to repeat the process above until the upper limit 4 of the
MMC-HVDC system with a given accuracy is obtained. /4 is named as delay stability margin.

It is known that the delay stability margin can measure the high frequency stability of the
MMC-HVDC system [18]. In this paper, the delay stability margin of the MMC-HVDC system
is solved by the Lyapunov direct method, which provides a new idea for the safety and stability
assessment of MMC-HVDC projects.

4. Influence factors analysis of MMC-HVDC time-delay system

The electromagnetic transient simulation model of the MMC-HVDC system shown in Fig. 1
is established in the PSCAD/EMTDC platform. The model parameters and control parameters of
the MMC-HVDC system are shown in Appendix B.

4.1. Influence of current inner loop parameters on delay stability margin

Changing the proportional coefficient of the current inner loop shown in Table B.2 in App. B
with other parameters constant, let it increase from 4 to 7 with steps of 0.5. The same is true of the
integral coefficient, increasing it from 125 to 185 with steps of 10. The delay stability margin of
the MMC-HVDC system solved by the Lyapunov direct method is shown in Table 1.

According to Table 1, while the proportional coefficient of the current inner loop increases
from 4 to 7, the delay stability margin of the MMC-HVDC system solved by the Lyapunov
direct method significantly decreases from 396.35 us to 232.47 us, decreasing by 41.35%, and
the risk of HFO caused by link delay also increases, which is consistent with the conclusion of
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Table 1. Influence of current inner loop parameters on delay stability margin

Proportional coefficient | Delay stability margin/ us | Integral coefficient | Delay stability margin/ us
4.0 396.35 125 321.05
4.5 354.77 135 320.99
5.0 321.05 145 320.94
5.5 293.15 155 320.88
6.0 269.70 165 320.83
6.5 249.71 175 320.77
7.0 232.47 185 320.72

references [14, 18]. However, while the integral coefficient of the current inner loop increases from
125 to 185, the delay stability margin of the MMC-HVDC solved by the Lyapunov direct method
slightly decreases from 321.05 us to 320.72 ps, with the variation range of only 0.10%. Therefore,
in the actual MMC-HVDC project, the proportional coefficient of the current inner loop should be
selected as small as possible to ensure that the system has sufficient safety and stability margin and
the influence of the integral coefficient of the current inner loop on the high-frequency stability of
the MMC-HVDC system can be ignored.

4.2. Influence of PLL parameters on delay stability margin

The PLL provides the Park transform angle for the control system of the MMC-HVDC. Some
scholars have mainly studied the influence of the PLL on the system’s stability under the condition
of a weak AC grid connection in [25]. Generally speaking, the MMC-HVDC is connected with
a strong AC system. Thus, in order to fully explore the main factors affecting the time-delay stability
of the MMC-HVDC system, this section investigates the influence of PLL control parameters on
the delay stability margin of the MMC-HVDC system.

Changing the proportional coefficient of the PLL shown in Table B.2 in App. B with other
parameters constant, let it increase from 10 to 70 with steps of 10. The same is true of the integral
coefficient, increasing it from 100 to 160 with steps of 10. The delay stability margin of the
MMC-HVDC system solved by the Lyapunov direct method is shown in Table 2.

Table 2. Influence of PLL parameters on delay stability margin

Proportional coefficient | Delay stability margin/ us | Integral coefficient | Delay stability margin/ pus
10 320.97 100 321.05
20 320.99 110 321.05
30 321.01 120 321.05
40 321.03 130 321.05
50 321.05 140 321.05
60 321.07 150 321.05
70 321.09 160 321.05
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According to Table 2, while the PLL proportional coefficient increases from 10 to 70 and
the integral coefficient increases from 100 to 160, respectively, the delay stability margin of
the MMC-HVDC system solved by the Lyapunov direct method is almost unchanged. In actual
engineering, the PLL control parameters have almost no influence on the high-frequency stability
of the MMC-HVDC system.

4.3. Influence of CCSC parameters on delay stability margin

The second harmonic current component with the negative-sequence property of the MMC
circulates in the three-phase arm to form a circulating current. The circulating current causes
distortion of the arm current, reduces the energy transfer efficiency of the MMC, and causes
a certain degree of impact on the power devices. This section takes the circulation suppression
strategy based on PI control as an example to study the influence of CCSC proportion and integral
coeflicients on the delay stability margin of the MMC-HVDC system.

Changing the CCSC proportional coefficient shown in Table B.2 in App. B with other
parameters constant, let it increase from 0.2 to 1.4 with steps of 0.2. The same is true of the
integral coefficient, increasing it from 10 to 70 with steps of 10. The delay stability margin of the
MMC-HVDC system solved by the Lyapunov direct method is shown in Table 3.

Table 3. Influence of CCSC parameters on delay stability margin

Proportional coefficient | Delay stability margin/ us | Integral coefficient | Delay stability margin/ ps
0.2 321.05 10 321.05
0.4 321.04 20 321.05
0.6 321.02 30 321.05
0.8 321.00 40 321.05
1.0 320.98 50 321.05
1.2 320.96 60 321.05
14 320.93 70 321.05

According to Table 3, while the CCSC proportional coefficient increases from 0.2 to 1.4
and the integral coefficient increases from 100 to 160, respectively, the delay stability margin of
the MMC-HVDC system solved by the Lyapunov direct method is almost unchanged. In actual
engineering, the CCSC parameters have almost no influence on the high frequency stability of the
MMC-HVDC system.

4.4. Comparisons between the proposed method and the eigenvalue analysis method

To further state the effectiveness of the proposed method, this section makes comparisons
between the conclusions of the Lyapunov direct method and the eigenvalue analysis method. To
analyze the stability of HFO based on the eigenvalue analysis method, firstly the Pade approximation
is applied to handle the delay term, G4. The equations containing the delay term in the state space
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model are replaced with rational polynomials, then linearized at the equilibrium point and the
Jacobian matrix is calculated. Next, the eigenvalues of the Jacobian matrix are solved. Finally, the
conclusions are compared and verified drawn with those based on the Lyapunov direct method.

4.4.1. The principle of Pade approximation

The Pade approximation is a method of using rational polynomials of order [/, k] to approximate
the delay of the transcendental term. The approximate method is as follows:

_bot+biTis+--+ by (1;5)!

e e , )
ap + artis + - + ag (i)~
where the coeflicients a; and b; can be calculated by the Eq. (6).
I+ k= j)k! (U4 k- U
aj = —Q 77 . b‘:(_l)J* (6)
T k=) ! Jra =)

This paper adopts the 4-order Pade approximation, i.e. [ = k = 4.

4.4.2. Pade approximation for current inner loop control

Taking the d-axis as an example, the delay term, G4, between the voltage reference value uygrer
obtained by the inner loop controller and the modulation point voltage uyq as illustrated in Fig. 1
is replaced by the Pade approximation. The four additional differential equations and an algebraic
equation after the Pade approximation are expressed as Eq. (7) and Eq. (8).

X1d 0 1 0 0

X1d
Yod | _ 0 0 1 0 X0
Kq | 0 0 0 1 X3
X4 -16807™* 840773 -180r72 2077 || xud
0
0 ) _
1o (e + woLegicq = kpind(laref = ica) = KiindXind) » (7
1
Uyd = —1680T_3x2d - 40T_lx4d + [Mtd + woLequq — kpind(]dref — icd) _ kiindxind] . (8)

The equations of the g-axis are the same. Due to space limitations, the equations will no longer
be presented.

4.4.3. Result comparison

The mathematical model established in Section 3.1, which considers the SM capacitor voltage
dynamics, current inner loop, phase-locked loop and CCSC, is appropriately simplified based on
existing research conclusions. The research results in [5] indicate that the influence of the CCSC
on HFO is minimal and can be ignored. In addition, this paper mainly studies the influence of
controllers and the delay on HFO, so the capacitor voltage dynamics can be ignored in this section.
The state space model used for the eigenvalue analysis method is a total of 14 orders, including
6-order non-time-delay state variables, [icq icq Xind Xing Xutq xpu]T and 8-order state variables
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introduced by the Pade approximation, [X1q X24 X34 X4d X1q X2q X3q x4q]T, where x1q, X2q, X3¢, Xaq
are state variables introduced by the g-axis Pade approximation for current inner loop control.

Figure 3(a) shows the root trajectory as the link delay is given, i.e. 7 = 320 us, the proportional
coeflicient kping of the current inner loop increases from 5 to 5.5 with steps of 0.05, and other
parameters remain constant. From Fig. 3(a), it can be seen that the proportional coefficient of the
current inner loop, which makes the system critically stable, is about 5.15. The delay stability
margin of the MMC-HVDC system is 321.05 ps by the Lyapunov direct method. According to
Table 1 in Section 4.1, when kping = 5, the link delay, 320 us, is less than the delay stability margin
321.05 ps, so the system is stable. When kping = 5.5, the link delay 320 us is more than the delay
stability margin 293.15 ps so the system is unstable. Therefore, the critically stable value of the
proportional coeflicient kping of the current inner loop is approximately between 5 and 5.5 by the
Lyapunov direct method, which is basically consistent with the critically stable value of kping, 5.15,
by the eigenvalue analysis method.

Figure 3(b) shows the root trajectory as the system link delay 7 increases from 320 s to 340 us
with steps of 2 us, and other parameters remain constant. From Fig. 3(b), it can be seen that the
link delay which makes the system critically stable is approximately 328 ps. Compared to Table 1
in Section 4.1, the delay stability margin of the MMC-HVDC system is 321.05 us with kpjng = 5
by the Lyapunov direct method, which is basically consistent with the critically stable value of
link delay 7, 328 us, by the eigenvalue analysis method.
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Fig. 3. Root trajectory diagram with parameters variation: (a) root trajectory diagram with the variation of
the proportional coefficient kpjq of current inner loop; (b) root trajectory diagram with the variation of the
link delay 7

To sum up, the conclusions of the proposed method and the eigenvalue analysis method are
basically the same, however, the eigenvalue method cannot provide an indicator similar to the
delay stability margin obtained by the Lyapunov method to judge the high-frequency stability of
the system.
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5. HFO suppression strategies of MMC-HVDC system

In this section, an improved Smith predictor is applied to the HFO suppression of the MMC-
HVDC system, and an improved current inner loop control based on the improved Smith predictive
compensation is proposed as shown in Fig. 4.

In Fig. 4, w; represents the angular frequency of PLL output; G (s) and 7y are the predictive
model of the MMC-HVDC system and the predictive total link delay, respectively. Gy = 1/(1+Ty,s)
is a first-order low-pass filter introduced to reduce the dependence of the Smith predictor on model
parameters. When G¢ = 1, it degenerates into a traditional Smith predictor.

According to Fig. 4, the closed-loop transfer function from g to ig can be obtained as

fed Gprie ™G (s) ©)
Laret 1+ GPHG (s) + G¢Gpry (G (s)e ™ — G (s) E_TH‘Y)

F——d-—+————————
|

| y

| =

| T G(S)

| . Improved Smith
I__ _fed _predictor
I—___l":_q___l;l[)_ro;ed_saia_—

predictor

wO Leq lcd

0L,

eqled

Fig. 4. Current inner loop control based on improved Smith predictive compensation

In Eq. (9), if the predictive model parameters and the predictive total link delay in the Smith
predictor are consistent with the model parameters of the MMC-HVDC system and the total
link delay, i.e. let G (s) = G (s), and 7y = 7, the system closed-loop transfer function can be
simplified as

ica _ GpuG(s) .
Iiet 1+ GpiG(s)

From Eq. (10), it can be seen that the Smith predictive control makes the link delay move out
of the closed-loop system so that the characteristic equation, i.e. the denominator of Eq. (10), no
longer contains the delay term. The application of the Smith predictor can completely eliminate
the effect of the link delay on the stability of the closed-loop transfer function and transform the
time-delay system into a conventional constant system, which significantly improves the stability
of the system.

TS, (10)
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However, if the predictive model parameters and the predictive total link delay of the Smith
predictor do not match the actual model, the Smith predictor performance will be affected.
Generally speaking, the model parameters of the MMC-HVDC system are known and basically not
changed, i.e. G(s) = 1/(sLeq + Req), Wwhere Leq and Req are equivalent inductance and resistance
mentioned in Section 2, so they remain unchanged. But the total link delay of the system, which is
uncertain, needs to consider the influence of multiple processes such as sampling, valve control,
communication and modulation, as well as the actual operating conditions.

To sum up, it may be assumed that the model parameters of the MMC-HVDC system in the
Smith predictor can be predicted accurately, but the total link delay cannot be predicted accurately.
The closed-loop transfer function expression for the d-axis current inner loop control based on the
improved Smith prediction compensation can be simplified as

ded _ Griie ™G (s)
It 1+ GpriG(s) + GtGpr G (5) (€775 — e7HS)’

(1)

According to Eq. (11), because of the inaccuracy of the Smith predictor for the total link delay
prediction, the compensated characteristic equation, i.e. the denominator of Eq. (11), still contains
the delay term, while the introduced low-pass filter G¢ plays a certain buffering role in mismatched
total link delay deviation and further improves the control performance of the Smith predictor.

6. Simulation verification

The electromagnetic transient simulation model of the MMC-HVDC system shown in Fig. 1
is built in the PSCAD/EMTDC simulation platform, and the system model parameters and control
parameters are shown in Table B.1 and Table B.2 in App. B, respectively. In the simulation, the
nearest level modulation (NLM) delay of a 41-level MMC-HVDC is about 165-175 us. The NLM
delay is taken as 170 us below.

In this section, the time domain simulation verification will be carried out from the following
aspects:

1. The feasibility and effectiveness of the Lyapunov direct method for solving the delay stability

margin of the MMC-HVDC system.

2. The influence of the control parameters of the current inner loop on the high-frequency
stability of the MMC-HVDC system.

3. The effectiveness and superiority of the HFO suppression strategy proposed in Section 5.
The parameters of the PLL and CCSC basically do not influence the high-frequency stability
of the system, which have been analyzed and verified in [5] and [18]. Due to the limited
space, the influence of PLL and CCSC parameters on the high-frequency stability of the
system are no longer verified by simulation in this paper.

6.1. Verification of the feasibility and validity of the Lyapunov direct method for solving the
delay stability margin

With the given parameters in Table B.1 and Table B.2 in App. B, the delay stability margin of
the MMC-HVDC system is 321.05 ps by solving the LMI shown in inequalities (3) and (4). If the
total link delay of the MMC-HVDC system meets 7 € [0 us, 321.05 us], the MMC-HVDC system
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can operate stably, else if the total link delay of the system is further increased, the LMI returns to
an infeasible solution and the high frequency stability of the system cannot be guaranteed. In the
electromagnetic transient simulation model of the MMC-HVDC system, set the system total link
delay 7 = 320 us. At ¢ = 1 s, the total link delay increases to 350 us, then at r = 2 s, the total link
delay increases to 361 us. The waveform of the d-axis current is illustrated in Fig. 5.
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Fig. 5. The waveform of d-axis current with the increase of system total link delay

From Fig. 5, it can be seen that before 1 s, the MMC-HVDC system can operate stably because
the total link delay of the MMC-HVDC system does not exceed the delay stability margin solved by
the Lyapunov direct method. Because the Lyapunov direct method is conservative to some extent,
when the total link delay increases to 350 us, the system can still operate stably from 1 s to 2 s.
When the total link delay further increases to 361 us at r = 2 s, the waveform of the d-axis current
is seriously distorted and the system cannot operate stably. Although the delay stability margin,
321.05 ps, solved by the Lyapunov direct method and that, 361 us, obtained by the time-domain
simulation method, have an error of 40 us, the delay stability margin based on the Lyapunov direct
method provides a new idea for analysis of high-frequency stability. The Fourier decomposition of
the d-axis current from 2 s to 3 s and the harmonic components are revealed in Fig. 6.

THD =3.74%

/ f=688Hz

0 L n L L " A L 1

0 200 400 600 800 1000 1200 1400
fMHz]

Fig. 6. Fourier decomposition results of d-axis current
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From Fig. 6, it can be seen that the oscillation frequency of the d-axis current is 688 Hz, i.e.,
HFO occurs in the MMC-HVDC system. The feasibility and validity of the Lyapunov direct method
to solve the delay stability margin of the MMC-HVDC system and to analyze the high-frequency
stability of the system have been verified.

6.2. Verification of the influence of current inner loop control parameters on high frequency
stability of MMC-HVDC

Set the total link delay 7 = 337 us for the MMC-HVDC system. In order to verify the influence
of the current inner loop control parameters on the high frequency stability of the MMC-HVDC
system, two cases are set as follows.

Case 1: att = 1 s, the dg-axis proportional coefficients of current inner loops kping and Kping
increase from 5 to 5.5. The waveform of the d-axis current is depicted in Fig. 7(a).

Case 2: att = 1 s, the dg-axis integral coefficients of current inner loops kijng and kijnq increase
from 125 to 185. The waveform of the d-axis current is depicted in Fig. 7(b).

According to Fig. 7(a), it can be seen that before 1s, the waveform of the d-axis current is not
distorted, and the MMC-HVDC system is in stable operation. At t = 1 s, the current inner-loop
proportional coefficient increases from 5 to 5.5, and HFO occurs in the MMC-HVDC system. It is
illustrated that increasing the current inner-loop proportional coefficient significantly reduces the
delay stability margin of the MMC-HVDC system and deteriorates the high-frequency stability
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Fig. 7. The waveform of d-axis current with the variation of current inner loop controller parameters: (a) the
waveform of d-axis current of Case 1; (b) the waveform of d-axis current of Case 2
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of the system, which verifies the analysis results of the Lyapunov direct method in Section 4.1.
Figure 7(b) reveals that the waveform of the d-axis current of the MMC-HVDC system is not
distorted before and after the variation of the integral coefficient of the current inner loop, and
the system is in stable operation. It is indicated that the integral coefficient of the current inner
loop does not change the delay stability margin of the MMC-HVDC system and has no effect on
the high-frequency stability basically, which verifies the analysis results of the Lyapunov direct
method in Section 4.1.

6.3. Verify the effectiveness and superiority of HFO suppression strategy
6.3.1. Analysis of limitation of existing oscillation suppression strategy based on embedding filter

Embedding filters in the grid voltage feedforward loop is a common HFO suppression strategy
for HVDC systems [4, 16]. The strategy is relatively simple, but the suppression effect is limited,
as analyzed below in detail.

Case 3: set total link delay 7 = 390 ps for the MMC-HVDC system. At ¢ = 1 s, a second-order
low-pass filter with a cut-off frequency of 400 Hz is embedded into the grid voltage feedforward
loop, and at r = 2 s, the proportional coefficient of the current inner loop increases from 5 to 6.
The waveform of the d-axis current is shown in Fig. 8.
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Fig. 8. The waveform of d-axis current based on filter oscillation suppression strategy

Figure 8 indicates that before 1 s, the MMC-HVDC system is in an HFO state with the long
link delay 7 = 390 us. Att = 1 s, a second-order low-pass filter is embedded into the grid voltage
feedforward loop, by which the HFO of the MMC-HVDC system is effectively suppressed and the
system quickly enters a stable operation. At t = 2 s, the proportional coefficient of the current inner
loop increases from 5 to 6, the HFO occurs again. This case illustrates that the HFO suppression
effect of the embedded filter into the grid voltage feedforward loop is limited, and it cannot deal
with the sudden increase of the proportional coefficient of the current inner loop under certain
circumstances.

6.3.2. Verification of HFO suppression strategy based on improved Smith predictive compensation
control

To verify the effectiveness and superiority of the HFO suppression strategy based on the
improved Smith predictive compensation control proposed in this paper, set the following case.
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Case 4: set the total link delay of the system, the same as Case 3. At ¢t = 1 s, the HFO
suppression strategy based on the improved Smith predictive compensation control is put into
operation, and at t = 2 s, the change of the proportional coefficient of the current inner loop is
the same as Case 3. The waveform of the d-axis current based on the improved Smith predictive
compensation control is shown in Fig. 9.
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Fig. 9. The waveform of d-axis current based on improved Smith predictive compensation control

From Fig. 9, it can be seen that before 1 s, the MMC-HVDC system is in an HFO state with
the long link delay 7 = 390 us. At ¢ = 1 s, the HFO suppression strategy based on the improved
Smith predictive compensation control is put into operation, the d-axis current reaches quickly
the stable operation state from the HFO state, and the HFO of the MMC-HVDC system has been
effectively suppressed, which verifies the effectiveness of the HFO suppression strategy based on
the improved Smith predictive compensation control proposed in Section 5. At # = 2 s, the current
inner loop proportional coefficient increases from 5 to 6, the waveform of the d-axis current is
not distorted, and the system is still in the stable operation state. Compared with the simulation
results of Case 3, the superiority of the HFO suppression strategy based on the improved Smith
predictive compensation control proposed in Section 5 is verified.

7. Conclusions

In this paper, the state space model of the MMC-HVDC time-delay system is established
and the high-frequency stability of the MMC-HVDC system is analysed by the Lyapunov direct
method. From the perspective of compensating delay and offsetting delay, an HFO suppression
strategy for the MMC-HVDC system based on an improved Smith predictive compensation control
is proposed. The following conclusions are obtained.
1. The Lyapunov direct method does not need to deal with the delay term. The time-delay
stability margin of the system can be obtained directly by solving LMI, which provides
a new research idea for the high-frequency stability analysis of the MMC-HVDC time-delay
system.

2. The delay stability margin is used to measure the high-frequency stability of the MMC-
HVDC system. The proportional coefficient of the current inner loop has the most significant
influence on the delay stability margin, and reducing the proportional coefficient of the
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current inner loop can improve the high-frequency stability of the system. PLL and CCSC
parameters have almost no influence on the high-frequency stability of the system. This
method provides a theoretical basis for the selection of engineering parameters of the
time-delay MMC-HVDC system.
3. An HFO suppression strategy based on an improved Smith predictive compensation control
is proposed in this paper, which improves the high-frequency stability of the MMC-HVDC
system by equivalently reducing the total link delay. This strategy can ensure that the
system continues to operate stably after the proportional coefficient of the current inner loop
increases, and the system can achieve better control performance than the existing HFO

suppression strategies.

Appendix A

In this paper, a state-space model considering the MMC-HVDC time-delay system SM
capacitor voltage dynamics, arm circulating current, current inner loop control, PLL and CCSC
is given. The state equations of the MMC are shown in equations (A.1-A.8), where ucp0, Uepd,
Ucpg» Uepd2s Uepg2 are the DC, d-axis and g-axis fundamental frequency, d-axis and g-axis second
harmonic components of the arm equivalent capacitor voltage, respectively; icir0, icird icirg TEPresent
the DC, d-axis and g-axis second harmonic circulating current components of the arm current,
respectively; icq, icq represent the d-axis and g-axis components of the AC system current flowing
into the MMC-HVDC system, respectively; uyq, uyq represent the d-axis and g-axis components
of the MMC modulation point voltage, respectively; ucirg, Ucirq TEpresent the d-axis and g-axis
amount of correction for modulation voltage from the CCSC; Cyq is the equivalent capacitance of
the arm, where Coq = C/n, n is the number of SMs.

ducp() ll 4+ 1 qu 1 uvqi 1 uCil’di 1 ucirqi
0 led ™ 77— ~— 5357 leird T 5757 lei
e g, 3 cir 4 Udc 4Us 4”5 Use cir 2 U cirqs
duCPd Uy . 1 . 1 Uyd .
Ceq dar U)2Cequcpq Use -7 leir0 — Zlcd 2 Use ——lcird
1 tyq . + 1 Mcird i+ 1 Ueirg .
— 1 - —1
T UL T AU T AU
duc u 1 1u
Pq vq . vq .
g, = - wZCequcpd - Use Leir) — Zlcq 2 Use —lcird
1 Uvd . 1 Ueird 1 Ucirq ,
————eq + ———ld
T2 T AU T A Uge
ducpan 1u 1lu 1 Uci
p vd vq . . cird .
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(A.5)

(A.6)
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dicirg 1 uvd 1 tyq Ucird 1

= 2CUZLallcnq = Ralcira + = ) U cpd — EU_ucpq + U_dcuch - Eucde,

dicirq 1 tyq 1wy Ucirq 1

L,

L, dr = 2w Lyicia — R lmrq + = 2 Use T Ucpd t 5 2 Use T Ucpq + U_dcuch - Eucpq}
The differential equations of equivalent inductance for the MMC-HVDC are:
dicq . . Uyd 1 I Ueira
Leqd_; = U — Reglcd + W2 Leglcq — Use T Ucpo + 2ucpd 3 [j._ldrcucpd
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The differential and algebraic equations of the current inner loop control are:
dx; d
% = laret — Ieq
dxing _ =1
dr = Iqre cq

uvg = Gqlug + ‘UOLeqicq - kpind (Idref - icq) = KiindXind]

Uyq = Gy [utq + wOchlcq - kpmd ( qref — ) = kiindXind]

The differential and algebraic equations of the PLL are:

dxutq
ddt d
Xpll
p
dr = kppllutq + kipllxutq

w2 = wo + kppllutq + kipllxutq

The differential and algebraic equations of the CCSC are:

dxcirg _
T = Leirdref — Ieird
dxcirq

dr = Icirqref - Icirq

Ucird = Gd[kpcird (Lcirdret — icird) + Kicird Xcird — 2(UOLaicirq]

Ucirg = Gy [upcirq + (Icirqref - icirq) + kicirqxcirq = 2woLylcial

where Lirgret = 0, Leirgref = 0.
The algebraic equations of the PCC point voltage are:

Usd — Utd = icdRs + icqa)ZLs
Usq — Utq = icqRs + lcawr Ls
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Appendix B

Table B.1. The model parameters of MMC-HVDC system

Parameters Values
AC system base capacity Sg (MVA) 400
Inductance of the AC system Lg (mH) 98
Resistance of the AC system R (2) 1.54
Rated capacity of transformer Sy (MVA) 480
Rated ratio of transformer 7' (kV/kV) 525/200
Leakage reactance of transformer Xt (p.u.) 15%
Inductance of phase reactor Ly (mH) 48
Resistance of phase reactor Ry (Q) 1.5
Sub module capacitance C (uF) 2 200
Bridge arm inductance L, (mH) 60
Number of bridge arm sub modules 7 40
DC side rated voltage Uy, (kV) +200
Rated power of DC line transmission Pg. (MW) 400

Table B.2. The control parameters of MMC-HVDC system

Controllers Parameters

d-axis outer loop control kpoutd = 0.01, kioyeq = 32

g-axis outer loop control kpoutq = 0.01, kjoutq = 32
kpind =5, kijng = 125

kpinq =5, kiinq =125

d-axis current inner loop control

g-axis current inner loop control

d-axis CCSC kpcird =0.2, kicira = 10
g-axis CCSC kpcirq =0.2, kicirq =10
PLL kppii = 50, kipy = 100
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