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Electric Power Research Institute, State Grid Jiangsu Electric Power Co., Ltd., Nanjing, China

Introduction: Virtual Synchronous Generators (VSGs) are used in Voltage Source
Converter-based Multi-Terminal High-Voltage Direct Current (VSC-MTDC)
systems to enhance power system stability. However, the MTDC framework
can lead to instability due to reduced inertia in certain grid areas, especially during
load switching at VSC stations. This instability is exacerbated by untimely
adjustments of the VSG's power setpoint, leading to voltage and frequency
oscillations.

Methods: This study introduces a cooperative control approach for the DC
voltage of the VSG, employing a consensus algorithm and Model Predictive
Control (MPC). This method aims to achieve incremental power for the VSG and
provide interactive power commands for both the grid side and the wind farm
side. The consensus algorithm ensures coherent system adjustments, while the
MPC algorithm tracks DC-side voltage changes in real time.

Results: The application of this cooperative control approach significantly
enhances DC voltage regulation performance. It effectively reduces the extent
of frequency drops and mitigates secondary frequency drop (SFD) issues,
particularly those arising from the use of wind farms for frequency regulation
and the associated speed recovery in wind turbine units.

Discussion: The increase in supplemental power effectively utilizes the energy
stored in DC-side capacitors for power balance regulation and introduces
additional inertial power into the system. Electromagnetic transient
simulations have confirmed the effectiveness of the Consensus MPC-VSG
method, demonstrating its ability to optimize the dynamic performance of
VSC-MTDC systems and promote stability in DC voltage and frequency.

Conclusion: The findings suggest that employing the Consensus MPC-VSG
method offers a promising solution for enhancing the stability and operational
efficiency of VSC-MTDC systems, addressing the challenges posed by the
inherent segmentation of the grid and the integration of renewable energy
sources like wind farms.

VSC-MTDC, VSG, DC voltage, MPC, consensus algorithm, SFD
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1 Introduction

Wind energy, a quintessential form of renewable energy, has been
experiencing a consistent annual increase in power generation capacity
(Howlader et al., 2014). Offshore Wind Farms (OWFs), in particular,
have garnered considerable attention in the renewable energy sector due
to their minimal land usage, superior wind speeds, and extensive annual
operation hours. However, their remote location necessitates
considerable power transmission to connect with onshore grids. The
use of Voltage Source Converter-based Multi-Terminal High-Voltage
Direct Current (VSC-MTDC) has emerged as an effective solution for
this problem (Lee et al,, 20215 Xu et al., 2007). Compared to point-to-
point High-Voltage Direct Current (HVDC) transmission systems, the
formation of MTDC grids can reduce wind power curtailment, enhance
reliability during equipment failures, and decrease capacity
requirements for MTDC connections to asynchronous AC grids.
However, MTDC divides the AC grid into regions with lower
inertia, leading to a decoupling effect between OWFs and the main
grid. The lack of mutual support capability among the ports can easily
lead to frequency oscillations when the system is perturbed (Zhu et al,,
2014; Zhu et al,, 2021). Thus, while offering multiple benefits, MTDC
integration of OWFs introduces certain challenges that must be
addressed to ensure the reliable and stable operation of power systems.

The operation of MTDC grids is largely contingent on the active
2023).
Consequently, numerous studies have proposed improved active

power control methods employed (Kirakosyan et al,

power regulation control techniques aimed at ensuring the
continuous, reliable functioning of MTDC systems and providing grid
support services. Among them, the Virtual Synchronous Generator
(VSG) control strategy has garnered extensive attention in VSC-
MTDC systems (Zhong and Weiss, 2011; Huan et al, 2018 Wang
et al,, 2020; Leon and Mauricio, 2023; Huang et al., 2017; Liu et al., 2023;
Lietal., 2018; Wu et al., 2017a; Liu et al., 2022a; Cao et al., 2018; Liu et al.,
2022b). The utilization of VSGs in MTDC systems introduces unique
stability concerns, exacerbated during load switching events. The
segmentation of the grid in the MTDC framework, leading to areas
with reduced inertia, amplifies the impact of continuous power
fluctuations at VSC stations during load transitions. Furthermore, the
modern trend of utilizing wind farms for frequency regulation introduces
an additional layer of complexity. Wind turbine units, while contributing
to renewable energy generation, may inadvertently cause secondary
frequency drops (SFD) during the speed recovery process. This
phenomenon poses a significant threat to the overall stability of
power systems. In the contemporary landscape of power systems,
where the integration of renewable energy sources is gaining
prominence, the significance of addressing these challenges becomes
paramount. As renewable energy, including wind farms, contributes a
substantial share to the overall power generation, the effective utilization
of VSGs in MTDC systems becomes crucial for maintaining grid stability.
In order to enhance the stability of VSG in MTDC operation (Huan et al,,
2018), proposed a unified VSG control strategy aimed at improving the
stability of very weak AC grids (Wang et al, 2020). put forth a VSG
control method with adaptive parameter tuning to suppress low-
frequency oscillations in VSC-MTDC systems (Leon and Mauricio,
2023). introduced a dual-degree of freedom VSG method to enhance
inertia emulation and reference tracking constraints. However, these VSG
methods primarily serve to provide frequency support to the system,
thereby requiring at least one VSC for voltage control in MTDC systems.
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In order to apply VSG control in DC transmission system (Huang et al,,
2017), presented a self-synchronizing VSG control exploiting the
dynamic characteristics of the DC link capacitor to provide frequency
support while also ensuring voltage control. Nonetheless, this approach
only considered the frequency response and voltage control of a single
VSC. For multiple interconnected VSCs, a significant risk of voltage
collapse has been revealed once uneven power allocation causes VSG-
controlled VSC to enter current saturation mode (Liu et al, 2023).
Thereby, in MTDC systems, Grid Side VSC-Stations (GSVSC) may need
to consider multiple VSCs for power sharing and voltage control.
Therefore (Li et al,, 2018; Wu et al, 2017a), proposed a VSG control
strategy for suppressing DC side oscillations in VSC-MTDC systems,
thereby providing inertia and damping characteristics while controlling
DC side voltage. This DC-side VSG voltage control method retains the
characteristics of droop control, allowing multiple VSCs to control DC
voltage and power sharing. A coordinated VSG control proposed in Liu
et al. (2022a) brought a new prospective to realize damping and inertia
control according to the DC voltage (Cao et al.,, 2018). employed a V*-P-w
droop characteristic VSG control method to emulate system inertia and
damping, redistributing DC power among GSVSCs through additional
power generated by virtual rotating inertia and virtual speed regulators. In
these applications, the converter station is involved in DC voltage
regulation, necessitating the VSG to precisely track the power
reference of the external DC voltage control loop. However, solely
utilizing local variable operations and VSG controllers, power injected
into the VSC station tends to fluctuate persistently without timely
adjustment of the output power command when system loads switch.
This can lead to significant frequency drops and substantial DC-side
voltage oscillations (Li et al., 2017).

Wind turbine units participate in frequency regulation primarily by
utilizing additional power injection. The frequency response control of
these wind turbines, which relies on the inertia of their rotors, involves
rapidly releasing rotor kinetic energy to provide brief frequency support
(Attya and Hartkopf, 2013; Yang et al., 2023). However, this approach
can lead to a SFD issue when wind turbine units reduce rotor speed
while releasing energy to support the frequency. After exiting frequency
regulation, the rotor must absorb energy to return to its initial
operational state, potentially resulting in SFD, which can be even
more severe than the primary frequency drop if left uncontrolled.
To address the SFD issue (Ullah et al., 2008), proposes a method where,
during the rotor speed recovery phase, the wind turbine unit reduces its
power output by a constant value. However, this approach still
encounters a significant degree of SFD (Wu et al,, 2017b). suggests
using energy storage systems to solve the SFD problem, but this solution
increases investment costs (Kang et al., 2016). presents an improved
strategy based on torque limits and introduces rotor speed as a reference
for additional power, slightly below the power output at the end of the
frequency regulation period, which reduces SFD to some extent. Some
studies have attempted to reduce SFD to some extent by tuning
frequency control parameters like inertia response control
coefficients or droop control coefficients, but their effectiveness is
limited (Lee et al, 2016). Most of the prior research has focused on
improving wind turbine control from the wind farm side, without
considering the power output balance among all VSC stations in the
global MTDC system. As wind power integration continues to expand,
the issue of unbalanced power output during wind turbine exit from
frequency regulation can worsen, potentially exacerbating SFD
problems. Therefore, this study aims to enhance DC voltage control
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performance to reduce the magnitude of frequency and DC voltage
oscillations during load transitions and mitigate SFD in the system. This
approach seeks to coordinate power balance among all VSC stations
within the MTDC system.

The Model Predictive Control (MPC) optimization method has
been gaining attention for its ability to handle constraints. MPC
computes a series of control modifications to minimize multiple
objectives and meet constraints in future time steps (Maciejowski,
2002). In HVDC systems, the application of MPC spans fast power
tracking (Mariethoz et al, 2014)., electromechanical oscillation
damping suppression (Fuchs et al, 2014), and secondary
frequency control (Namara et al., 2016), thus playing a crucial
supportive role in multi-objective coordinated control.

Currently, in the realm of enhancing control strategies for VSG
within MTDC systems, the predominant focus lies on optimizing the
control difference strategy at individual VSC stations. However, this
approach lacks a simultaneous consideration of the influence exerted by
wind farms on the frequency regulation of VSC stations. The inadequacy
of attention to factors such as DC voltage regulation and coordinated
control methods poses challenges in sustaining optimal dynamic
performance for VSC stations within the MTDC framework. This
limitation underscores the necessity for a more comprehensive and
integrated control methodology to address the complexities inherent in
MTDC systems and promote effective cooperation among VSC stations.
In response to limitations in existing VSG control and MTDC systems,
coupled with the advantages of MPC, this study proposes VSG control
refinements. This approach integrates consensus variables to add
interactions among VSC stations and bolstering mutual inertia effects
within the system. The principal contributions of this cooperative control
methodology can be summarized as follows:

1. Taking into consideration the VSG’s role in mitigating DC
voltage fluctuations within the MTDC network, this study
established an evaluation function for voltage stability. This
function serves as a foundation for deriving the relationship
between DC voltage and the injection of active power.

2. Based on the discrete model of VSG, this study formulated an
objective function to facilitate the optimization control of DC
voltage and active power. By utilizing the MPC method to
calculate incremental power, this study derive instructions for
interactive power, thereby enhancing the mutual inertia effects
between system.

3. Recognizing the SFD that can arise due to the inherent
comprehensive inertia control mechanisms of OWFs, the
introduction of additional inertia power effectively mitigates the
oscillatory effects of frequency compensation. In the presence of
load disturbances, this enhanced approach optimizes the
convergence of power and DC voltage output, simultaneously
effectively raising the minimum point of frequency descent.

The structure of this chapter unfolds as follows: Section 2
provides a comprehensive overview of the control scheme for
MTDC systems. Section 3 introduces a cooperative control
approach for DC voltage regulation, which leverages consensus
and MPC strategies to mitigate power fluctuations. Moreover, the
stability of the controller is ascertained using Lyapunov stability
theory. In Section 4, a parameter analysis methodology is
established, employing the Krasovskii’s method. Section 5 applies
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the aforementioned DC voltage cooperative approach to the
optimization control of the MTDC system, the effectiveness of
which is subsequently validated through rigorous simulation studies.

2 VSC-MTDC system structure and
traditional control strategies

The VSC-MTDC different
topological structures (Rahman et al., 2016; Wang et al,, 2018). A

system encompasses various
typical topology is illustrated in Figure 1, where the power
generation from an OWF is collected by the Wind Farm Side
VSC (WFVSC) and injected into the VSC-MTDC system.
Electrical power is transmitted through long subsea cables to the
Point of Common Coupling (PCC), after which the power is
distributed to each GSVSC based on the control strategy.

Within the VSC-MTDC system, the WFVSC and GSVSC
implement distinct control strategies as shown in Figure 2. Here,
Lrand Cydenote the filtering inductance and capacitance of the VSC
output respectively; ry represents the equivalent resistance of the
VSC filter; e,y and i, are the terminal voltage and current of the
VSC; Upape and i,4p, are the output voltage and current of the VSC;
v4c is the voltage of the DC-side capacitor. The subscript abc (dg)
signifies the corresponding variables within the abc (dg) coordinate
axes. Given that the OWF is considered as a weak AC grid, it
requires the WFVSC to provide voltage and frequency support as
depicted in Figure 2A.

For the GSVSC, the primary task is to ensure the
power transmission from the OWF to the grid. Current
research primarily focuses on single-point voltage control or
multi-machine droop control strategies to achieve master-slave
or distributed control. Employing droop control strategies
within a networked control system ensures good dynamic
stability of the DC voltage (Wang et al., 2018), as depicted
in Figure 2B.

3 MTDC cooperative DC
voltage control

3.1 DC voltage control based on VSG

Traditional droop control strategies do not provide inertia and
damping for the DC system. To effectively mitigate fluctuations in
DC voltage, this study adopts the strategy of implementing VSG
control on the GSVSC side. The governing equation for the VSG
control of DC voltage is as follows (Li et al., 2018):
dviir P, P,

ot D, (Vi = vgen) =

C,
d Vdcn ~ Vden

(1)

Where C, and D, represent the virtual capacitance and damping

vri

coefficient, respectively; v, and v, denote the virtual voltage on
the DC side and the rated voltage value, respectively. P, and P,
represent the mechanical input power and electrical output power of
the synchronous machine.

According to Eq. 1, it can be seen that the term for simulated
inertia power is C,dv,.""/dt, while the term for simulated damping

power is D, (vg.""~V4e,). Within the MTDC network, the VSG
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FIGURE 1
VSC-MTDC system topology diagram.
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FIGURE 2
MTDC control Schematic: (A) WFVSC, and (B) GSVSC.

functions primarily to stabilize the DC voltage. In instances where
the DC voltage experiences oscillations, the VSG will produce virtual
inertia power to counter these fluctuations. This means that the
generation of virtual inertia power is for the purpose of suppressing
oscillatory phenomena. The speed of oscillations in DC voltage has a
direct relationship with the generation of virtual inertia power
within the system. Specifically, faster oscillations lead to an
increased production of virtual inertia power, which offers inertia
support during transient processes. Additionally, a larger virtual
inertia constant equates to a slower rate of change in DC voltage,
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which is synonymous with a lower frequency of oscillation. The
inertia power and damping power of the VSG are adjusted according
to the changes in the DC side voltage. When the system tends toward
stability, dv,"/dt = 0. The damping power of the VSG is
proportional to the offset of the DC side voltage, and as long as
there is a voltage offset (v4.""~v,.,,), there will be a contribution from
the damping power.

According to the direction of power flow, the charging and
discharging of the DC capacitor control the value of the DC-side
voltage, which can be obtained as follows:
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FIGURE 3

Frequency response procedure of wind turbine based on rotor
kinetic energy.

N Cvdci d Vdci
Svsci dt

= Pgc — Poc = Py — Poy = AP 2)

Where N is the number of DC capacitors in the VSC-MTDC; C
is the capacitance of a single DC capacitor; v,; is the actual DC line
voltage of the ith GSVSC controlling the DC-side voltage; Sysc; is the
apparent capacity of a single converter station; P;,/P,. and P,,,,/P,,
are the input and output power of the VSC-MTDC system
respectively; APc is the per-unit value of the electromagnetic
power absorbed or released by the DC capacitor.

Equation 2 reveals that in order to ensure power balance
between the GSVSC and the WFVSC, the DC voltage must be
controlled to be constant. However, as a capacitor is an energy
storage component, it can release or absorb power by adjusting the
voltage. Therefore, it is feasible to use this characteristic of the DC
capacitors in the VSC-MTDC system to balance power transmission
(Liu and Chen, 2015). By regulating the DC link voltage through
power compensation, the VSC-MTDC system can inject more or
less active power into the onshore grid than the active power
collected from the OWF.

3.2 Comprehensive inertia control and SFD

Additionally, addressing the frequency regulation problem of
OWF, a comprehensive inertia control method enables the wind
turbine units to have an inertia response and primary frequency
regulation ability (Liu and Chen, 2015; Wang and Tomsovic, 2019).
In the active control loop of the wind turbine units, the rate of
frequency change and frequency deviation Af are introduced,
thereby realizing the additional active power reference value in
the frequency response process, as shown in Eq. 3.

APy = —de—f -K,Af (3)
t

Where f represents the system frequency; Af denotes the
frequency deviation; K, is the inertia control coefficient; K, is the
droop control coefficient; AP, is the additional active power.

In cases of increasing frequency, wind turbine units can easily
reduce their power output through wind curtailment. However, this
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study chiefly addresses situations in which units augment their
output power by releasing rotor kinetic energy during frequency
decreases. Using comprehensive inertia control as an exemplar, this
response process primarily comprises two pivotal phases: the
frequency support and rotor speed recovery stages, as illustrated
in Figure 3. The entire response process can be categorized into two
key phases: the frequency support phase and the rotor speed
recovery phase. Here, wy, and P, denote the initial rotor speed
and unit power, respectively; w4 signifies the rotor speed at the
conclusion of frequency regulation; Py represents the unit’s power
output, while APy, indicates the power variation observed at the
conclusion of the frequency support phase.
This process can be delineated into four distinct stages:

1. Stage A: This represents the wind turbine unit’s normal
operational state, where it operates in Maximum Power
Point Tracking (MPPT) mode, producing the optimal
power level, denoted as PO.

2. Stage B: When the system encounters power insufficiency, the
wind turbine unit responds by augmenting its power output to
support the frequency, introducing supplementary power as
per Eq. 3. During this stage, the output P, surpasses the P,,,,
prompting the rotor to release kinetic energy and consequently
reduce its speed.

3. Stage C: The unit exits the frequency regulation phase,
reducing its power output by APy, and gradually restores
rotor speed by following the MPPT curve.

4. Stage D: As wind turbine unit output power P, falls below
mechanical power Pm, the rotor absorbs energy. Rotor speed
gradually recovers to the optimal level, reinstating an
equilibrium state, and reverts to MPPT mode operation
(effectively returning to Stage A).

Figure 3 illustrates that when APy exceeds a certain threshold,
the system inevitably experiences secondary frequency drops.

3.3 DC voltage cooperative control

Accounting for the intrinsic variability of OWF power output
and the dynamic switching of grid-side loads, continuous
adjustments are needed in the power of the VSC station.
Without timely adaptation of the VSC station’s output power
command, potential disturbances to the power balance may
instigate significant frequency variations, potentially jeopardizing
system stability.

Within this context, the OWF is modeled as a SG that provides
supplementary power to the AC onshore grid. The balance of power
in the SG is governed by the swing equation, P,,-P, = Jwdw/dt, where
] represents the moment of inertia parameter. Upon disturbance in
the AC onshore gird, this balance is disrupted, prompting the energy
stored in the capacitor to automatically offset the unbalanced power,
leading to a reduction or oscillation in the DC voltage. Combining
(3), OWF participates in system frequency regulation. From the
principle of energy conservation, the following can be deduced:

w2 dw vdc2 dvdc w2 dw
leIOWFwE " Jvdclcv,ic dt - le]AcwE (4)
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When energy changes are defined as AE, and AE,; the
subsequent derivation from Eq. 4 is:

1 1
AE, = Ecvtzid - Ecvﬁcl
1
AEJOWF = 5] owpwi - E] OWwa (5)
1 » 1 2
AEjuc = EIAsz - E]Acwl

Equation 5 encapsulates the actual physical dynamics of
the DC-side capacitor. Fundamentally, the energy stored in
the rotor must be fully utilized during the control process to
emulate the inertia stored in the virtual capacitor. For MTDC
systems, this involves harnessing energy both from the OWF
grid and the capacitor itself. Furthermore, voltage distribution
within the MTDC system demonstrates non-uniform properties
across the entire DC system. While some voltages within the
MTDC grid may be
display  significant  deviations
(Kirakosyan et al., 2023).

In this study, to ensure fairness among VSCs participating in

well-regulated, other ports may

from expected values

control tasks with VSG voltage control, the inertia power AP;,,., =
C,dvy."1dt is introduced as a consensus variable in the voltage
control strategy. This variable is incorporated into the VSC station
with voltage control as an additional power command, bolstering
the DC-side voltage balancing capability, facilitating mutual inertia
support, and improving frequency stability.

In the system’s initial operational phase, the power injection of
the ith converter, denoted as P;, aligns with its reference power, P,
However, in the event of active power imbalance, the actual power
injection will diverge from its reference value. If there is an
overabundance of active power in the DC system, the VSC will
increase its drawn power from the MTDC system. Conversely, if the
DC system’s active power is lacking, the VSC will decrease its drawn
power. As such, this paper proposes the introduction of power
deviation, as resolved by MPC, as an adjustment variable. This
adjustment pre-distributes power injection values among the VSCs,
in accordance with the VSC’s output power.

For the voltage control group, let the DC-side voltage it is about to
control be v, and this voltage can be measured in real-time. Based on
the consensus protocol, the method of updating the supplemental
power for the ith VSC in the group is presented as Eq. 6:

gk 1) = Y diy (9, () = 9, () + g/ (k) (6)

Where ¢, (k) is the inertia power variable calculated by VSCi in the
voltage control group after the kth iteration, which can be described
as @; = APijperi. N; is the total number of VSCs using DC-side voltage
control; ¢ is the convergence factor (Li et al., 2019). Equation 6
provides interactive power instructions for both the grid side and
wind power. d;; represents the weight, and its value can be calculated
using Eq. 7:

di; = aij/(ZZlaij) (7)

If there is a communication link between VSCi and VSCj, then a;; =
1, otherwise a;; = 0. Ag;"/ is the reference value of the unbalanced
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power of the ith VSC at the kth iteration. In order to regulate it, the
voltage control performance evaluation function is first defined in
Eq. 8:

fo= 3G =17 (8)

Let A(pi’ef (k) be the negative value of the partial derivative of the
performance evaluation function f, with respect to ¢, Then,

A(Piref:_ afv :_<afv.avdci>
a(pi|¢i(k)

we have:

avdci a(pl

=—<vdd—1)( O ) 9)

OAP iner

Where dv,;/0¢; represents the sensitivity of voltage to changes in
injected active power, reflecting the sensitivity of VSCis voltage to
variations in injected active power. The reflection value of active power
on voltage change can be obtained from Eq. 9. As Eq. 1 indicates, the
direct voltage of the VSC station plays a similar role in reflecting power
balance within the DC grid. Considering that the direct voltage
determines the flow of DC power, the correlation between voltage
and injected power can be determined by constructing objective
functions for voltage and power. Therefore, a method combining
MPC for solving VSG has been proposed.

According to Eq. 1, the rotor motion equation of the VSG can be
described as a state equation, as shown in Eq. 10.

p, P D
v(t) = m (1) — & — —Vv(t)
Cv Vden Cv Vden Cv ( 10)
y(t)=v(®)
Where v(t) is defined as the difference between v, and v,

which represents the voltage-related term in the state equation. P,,
represents the control input variable, and P, can be considered as the
disturbance variable.

The discrete state equation is presented in Eq. 11:

{ Av(k +1) = A,Av (k) + B,AP,, (k) + B4AP, (k) (an

ye(k+1)=CAv(k+1)+ y. (k)

The coefficients in Eq. 11 are detailed in Eq. 12.

T
Se(’%)Td-,;,
0

A —e(Brp - ! J

vVden

L ("eCar
B, = J e\ ¢ dT,CCZI

= 12
Cv Vden J o ( )

Where T represents the sampling period. In this study, a three-
step model prediction method due to its capacity for an extended
prediction horizon is utilized. This allows for a more accurate
representation of the system’s dynamic behavior and a stronger
response to disturbances, as it can foresee changes further ahead and
adjust the control strategy accordingly. The three-step prediction
output vector is presented in Eq. 13:

yc(k+1|k):|

AYp(k+1|k)%|:yc(k+2|k)
e (k+3]Kk)

(13)

The voltage prediction equation is presented in Eq. 14:
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AY, (k+1]k)=S.Av(k) +1,y. (k)

+ 8,AP,, (k) + S4AP, (k) (14)
The coefficients in Eq. 14 are detailed in Eq. 15:
S. = [CCAZ Y CA; ZCCA;]
i=1 i=1
L=[111]
S = [Cch YC.A, B, ZCCAZ”IB,,,]
i=1 i=1
CB, 0 0
2 i
S.=| 2. CAS'B, C.B, 0 (15)

Y’ CA.'B, Y CA.'B, CB,

The objective function aims to minimize the weighted sum of
the squared deviations of the voltage, Av, and the change in the rated
power, AP,,, as shown in Eq. 16:

Vo= Y [(av(k+ilk) + (AP, (k+iK)?]  (16)

Where 7 and v are the weighting coefficients for voltage and power
variations, respectively. Additionally, Av (k+i|k) and AP,,, (k+i|k) represent
the errors between the predicted voltage and power at instant k. Based on
the predicted inputs, Eq. 16 can be described as follows:

V, (Av(k), AP, (K)) = min{uTy(Yp (k+110) ~R(k+ )|

+ TP, (01
(17)

Where Ty = diag (7, 7, 7) and Tp = diag (v, v, v). Ty and Tp are the
error weighting matrices for voltage and active power, respectively.
R (k+1) represents the reference values for the control outputs at
time k+1. The desired steady-state Av is zero, hence R
(k+1) = [0,0,0].

Due to the presence of constraints, it is not possible to obtain an
analytical solution for the optimization problem in Eq. 17. Therefore, a
numerical solution method is employed, transforming the constrained
MPC optimization problem into a quadratic programming (QP)
formulation. To facilitate the solution of the optimization problem
in Eq. 17, auxiliary variables are defined:

E,(k+1|k)=R(k+1)-SAv(k)-1,y. (k) - S4AP. (k) (18)

By substituting Eq. 14 into Eq. 17, and in conjunction with Eq.
18, it can be obtained that:

V, (Av(k), AP, (k)) = “Ty(SuAPm (k)—E,(k+1] k))|
+|TpAP,, (k)|
= AP, (k)'S,"T,"T,S,AP,, (k)
+AP,, (k) T, ToAP,,
-2E,(k +1|k)"T,"T,S,AP,, (k)
+E,(k+11k)"T,"T,E,(k+1|k) (19)

‘2

Given that E, (k +1 Ik)TTyTTyEP (k +1|k) is independent of
the variable AP,,(k), for the optimization problem, Eq. 19 is
equivalent to Eq. 20:
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V, = AP, (k)"HP,, (k) - G(k + 1| k)" AP, (k) (20)
The coefficients in Eq. 20 are detailed in Eq. 21
Where
H=S8"T,’T,S, + T, Tp
G(k+1]k)=2S,"T,"T,E, (k+1]k) (21)

By transforming the voltage constraint in Eq. 14 into the form
Cz > b, Eq. 13 can be reformulated as Eq. 22:

AY i (k + 1) <AY, (k+ 1K) < AY pe (K +1)  (22)

[ ‘Ss“ ]APm (k)2 b (k)

b(k) = [ (SZAV(k) +Ipye (K) + SalPe (k)) =AY puax (K + 1) ]

~(S:Av(K) + 1, yc (k) + SaAP, (k)) + AY i (K + 1)
(23)

From Eq. 23, it can be seen that the MPC optimization problem
is transformed into the following QP problem description:

Jmin APy, (k)THAP,, (k) = G, (k + 1| k)AP,, (k) (24)
" satis f y: CuAPy, (k) 2b (k)
The coefficients in Eq. 24 are detailed in Eq. 25.
C,=[-S. S.] (25)

By combining Eq. 21 and Eq. 24, the solution for MPC,
denoted as AP,,*(k), can be obtained. According to the working
principle of MPC, an initial control sequence will be applied to
the system. In the next sampling period, the constraint
optimization problem will be updated, and the solution to
AP, *(k) will be recalculated. According to Eq. 24, the power
increment in a single VSG can be quickly solved, which is the
correlation value of voltage and injected power. The variation of
power increment for VSG can be written as:

AP (k) = AP,,* (k) (26)

Through Eq. 26, the association value between voltage and active
power can be obtained, where Agoi’ef = (v4ei — 1)AP (k). The inertia
of the system serves as a buffer against abrupt shifts in DC voltage,
aiding in damping oscillations and allowing adequate time for the
MTDC network Based on the
aforementioned analysis, it can be deduced that surplus power

to adjust active power.

from consistency calculations always exhibits an inverse
relationship with the rate of DC voltage change. Therefore, it is
concluded that this supplemental power functions as a counterforce
to DC voltage fluctuations, supplying inertia power to the system.
This mechanism assists in mitigating voltage and power instabilities.
Consequently, the proposed cooperative method can timely adjust
the output power of GSVSC on the VSC-MTDC side when it is
disturbed, increasing the system’s inertia, and reducing the rate of
frequency change and voltage deviation. At the same time, the
supplemental power provides second power error tracking for
control, enhancing the convergence of power output. The
proposed DC Voltage cooperative control based on VSG is

illustrated as in Figure 4.
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FIGURE 5

Frequency response control strategy for wind turbine units considering cooperative control.

Figure 4 illustrates the control schematic of the proposed
method. In addition, in accordance with the description in Eq. 5,
to fully utilize the energy from the OWF, the frequency regulation
equation for the OWF is further depicted as:

d Ni
APy = —Kdd—{ ~KAf =Ky ) g, (27)
df Ni
Prep = =Ki oo = KpAf =Ky Zj:l @; + Prppt (28)

Where K, is the adjustment coefficient. P, denotes the
reference value of wind farm units. Equation 27 represents the
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formula for the OWF to participate in frequency modulation, while
Eq. 28 defines the operating reference value for the OWEF. The
introduction of the optimal power value P, enables these units to
effectively respond to variations in wind speed during the frequency
support phase, particularly when coordinated with the interactive
power parameter K, Zj\rl ¢;. In comparison to Figure 3, the
inclusion of cooperative power in Figure 5 leads to a further
decrease in the parameter APy, consequently resulting in a
diminished amplitude of SFD. As the system frequency gradually
returns to normalcy and the rotor speed decreases, reaching a pivotal
point C, P, aligns with P,. Subsequently, as P, falls below P, the
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wind turbine’s rotational speed ascends gradually, ultimately
returning to a stable state.

In response to frequency fluctuations in the AC grid caused by
disturbances, the VSC station will adjust its output power. This
adjustment is made by leveraging the energy from the OWF and the
voltage of the DC-side capacitor to compensate for power
imbalance, thereby enabling quick convergence of frequency.
Simultaneously, leveraging the V-P characteristic, the total power
generated by the OWF will be automatically distributed to the VSC
station based on the state of DC voltage and AC power.

4 MTDC parameter stability analysis

To analyze the parameters of the MTDC, a small signal analysis
method is employed for parameter analysis (KKalcon et al., 2012). On
the synchronous dq frame, the state-space equation of the LC filter
can be expressed as:

Lfl:Id = —rfild + wailq + Ug* — Upg
Lfl:lq = —rfi,q - wailq + uq* — Uyg
Cfllod = wauoq + 1y — God

Cfl/'loq = —wauDd + ilq - ioq

(29)

where 1,4, and i,4, are the dg-axis output voltage and the dg-
axis output current of VSG, respectively. i, and uy,* are the dg-
axis terminal current and the voltage reference of VSG,
respectively.

The state-space equations of the transmission line on the dg
frame are given as follows:

{ Lci.od = ~Telog + chioq + Uog — Upd (30)

Leiog = —Tclog — WLeiog + Uog — Uy

where w4, is the dg-axis voltage of power grid.
The voltage reference value (u,;",u,") and current reference value
(i1g*>i1g*) of the VSG controlled inverter are defined as follows:

. dx, .
iyt = kdv1p7 + KapiX1z +iog — WoCrlhog
. dxs .
llq* = kqv]pi + kqvlix13 t 15 + wOCfuod
dt 1)
" dxy .
Ug” = kdclp? + Kae1iX1g + Uog — woLyiy,
d.x15
uq* = kqu? + chl,-xls tUog + woLflld

Where k4.q,1p and kg.q,1; are the PI gains of the outer loop, and
ka.ge1p and kg.gc1; are PI gains of the inner loop. The state variables
X1 to x;5 are defined to assess the modelling of controllers.

By combining Eqs 1, 2, 29, 30, 31, the small signal model of the
linearized system can be delineated as follows:

{ A.anl = Ananxnxl + ankAukxl (32)
Amel = menAanl + DmxkAukxl

Where Ax represents the state variable, Au signifies the
controller input, and Ay is defined as the output of the VSC-
MTDC system. A, B Coin and D, are respectively the
state matrix, input matrix, output matrix, and direct transmission
matrix of the linearized model.
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TABLE 1 Initial parameters.

VSC-station Rated VSC power/MVA 450
Nominal dc voltage/kV +160
Nominal ad voltage/kV’ 160
C/mF 7.5

dc cable R1-R5/Q 0.15
X1-X5/Q 6
R6/Q 0.2
X6/Q 8

TABLE 2 Control parameters.

Parameters GSVSC1 GSVSC2

GSVSC3  WFVSC3/

4

Voltage control [5 60] [5 60] [5 60] [2 10]
loop

Current control [3 150] [3 150] [3 150] [1.5 60]
loop

Stability analysis of system parameters belongs to the broad
spectrum of stability analysis issues. The stability of system
parameters and the determination of parameters that satisfy
system stability can be ascertained through the Lyapunov direct
method. The selection of an appropriate Lyapunov function
becomes crucial in determining system stability and resolving the
range of control parameters. This study intends to construct a
Lyapunov function using the Krasovskii method (Shuai et al,
2019; Haidar and Pepe, 2021).

According to the state equation of the system, the Lyapunov
function V (Ax) and the derivative function V (Ax) are constructed
by the Krasovskii method.

{V(Ax) = T (Ax, Au) f (Ax, Au) (33)

V(Ax) = fT(Ax, Au)] (Ax) f (Ax, Au)

Where f (Ax,Au) is the nonlinear steady n-dimensional function of
the system; f* (Ax,Au) is the transpose matrix of f (Ax,Au); J (Ax) is
the Jacobian matrix of the system, and J(x) = JT(x) + J (x). When V
(Ax) > 0 and V (Ax) <0, the system is asymptotically stable.

5 Simulink

To verify the efficacy of the proposed method, the five-port
VSC-MTDC model depicted in Figure 1 is simulated using
MATLAB/Simulink software. This includes two asynchronous
land-based power grids and two networks of OWFs. The system
parameters are based on (Wang et al., 2018), and the PI controller
has been adjusted following the method proposed in (Yazdani and
Iravani, 2010) to provide fast reference signal tracking. The total
wind power of each OWF is 240 MW. The initial power distribution
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FIGURE 7
Resonant peak of system.

ratio of GSVSC is 3:1:2, as shown in Table 1. The control parameters
are delineated in Table 2.

5.1 Influence of the DC-Link capacitors’ size

Different DC-side capacitors can contribute differently to the
system’s power, thus the relationships between various virtual
capacitors C,, damping coefficients D,, and DC-side capacitor C
are analyzed. The given power of VSG1 is taken as the input variable,
while the active power of VSGI is set as the output variable. The
feasible parameter domain for variables is solved based on Eqs 32
and 33, and the system’s resonance peak Mr under various
parameters is obtained using the direct transmission matrix of
the linearized model, as shown in Figure 6. The color gradient
serves as a visual representation denoting the magnitude of the
resonance peak Mr, which is applied here as an indicator for
stability. Typically, a
heightened resonance peak tends to correlate with diminished

assessing the system’s comparative
relative stability.

Figure 6 reveals the significant impact of capacitor capacity on
system stability. As the capacitor size increases, the system’s stability
correspondingly decreases. This phenomenon occurs because,
despite a larger DC link capacitor’s ability to greatly reduce DC
voltage fluctuations, under these conditions, the GSVSC unable
absorb more power from the DC network to provide the
necessary power support. Furthermore, grid frequency deviation
increases with the growth of the DC link capacitor, which further
exacerbates the decline in stability.
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FIGURE 8
Power output comparison: (A) active power, (B) enlarged view of
GSVSC, and (C) enlarged view of WFVSC.

Figure 7 shows the schematic diagram of the effects of changes in
C,; and D,; parameters on system stability. Although the system can
maintain asymptotic stability within a large range, larger inertia
parameters require matching with larger capacitors. Overall, the size
of the capacitor, virtual capacitor, and damping coefficient directly
affect the system’s stability.
these need to be
comprehensively and adjusted appropriately. In this paper, C,; =
1.3,D,;, =7.5;C,, = 1.1, D,, = 2.5; C,3 = 1.2, D,3 = 5 are selected.

In order to achieve optimal

performance, factors considered

5.2 Performance during load switching

To assess the effectiveness of the control strategy, a load
switching experiment was conducted at 8 s. The assigned values
for the parameters in this context are as follows: K, =15K;=
0.5, K, = 1. Figure 8 depicts a comparison of power output
curves for VSC stations in response to load switching between
the conventional method and the proposed approach. Figure 8A
presents a global comparison of the active power output curves.
Amplified views of the output power for corresponding VSCs are
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displayed in Figures 8B, C. Notably, the red dashed line is
indicative of the output corresponding to the proposed
method. It is important to note that in subsequent test
results, the red dashed line consistently represents the output
curve associated with the proposed method. At t = 8 s, the load
was introduced into AC onshore grid 1. As delineated in
Figure 8, subsequent to the application of the proposed
voltage cooperative control, the GSVSC side gains additional
active power from the OWF for equilibrium adjustment, as
depicted in Figures 8B, C.

Figure 9 presents the frequency variations during load
switching in the system. Load switching in AC onshore grid
1 introduces noticeable frequency fluctuations in GSVSCI.
Traditional control strategies maintain a minimum frequency
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point at 49.8 Hz, while the proposed cooperative control
approach achieves 49.83 Hz, as shown in Figure 9B. When
OWF performs secondary frequency adjustment for GSVSC,
relying solely on traditional comprehensive inertia control
may lead to SFD. However, the introduction of the proposed
voltage cooperative control effectively mitigates SFD, as shown in
9B-D. These figures display before-and-after
of the GSVSC1-3  when
employing the proposed method. After the adoption of the
proposed method, the overall frequency variations in the

Figures

comparisons frequencies  for

system exhibit improved convergence, accompanied by a
reduction in the impact of SFD.

Regarding fluctuations in DC voltage, the effectiveness of
the proposed coordinated control method in leveraging the
stored energy within DC-side capacitors to mitigate power

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1363323

Han et al.
0.8
A 06 p
041 _ [ [
302
= -'=GSVSC GSVSCZ—— GSVSC3
:8:‘% {==WEVSCl— WFVS$€2— —Proposed Mpfﬁ!—
0.6
-ois
! 6 8 10 12 4 16 18 20
Time(s)
B C
08— 04
___l/l;:“\*—
7 04 e = 6 =
B 04— z
A~ Ay
0 — — 2 -0.8 L I
7 8 9 10 11 7 8 9 10 11
Time(s) Time(s)
FIGURE 12

Dynamic performance under agent loss: (A) active power, (B)
enlarged view of GSVSC, and (C) enlarged view of WFVSC.

variations is illustrated in Figure 10. Through coordinated
control, there is efficient utilization of the energy reserves
stored in the DC-side capacitors for power regulation. This
results in reduced frequency variations, thereby achieving a
smoother output.

Figure 11 illustrates the corresponding supplemental power
output. It is evident from Figure 11 that when the system attains
stability, the supplemental power reaches zero, having no impact on
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the system’s output. Furthermore, by utilizing the correlation values
between voltage and injected power, calculated through MPC, the
system effectively tracks changes in active power. This verification
underscores the efficacy of the proposed method under load
switching conditions and its robustness in response to
variations in load.

During the regulation process, only OWF1 participates in
frequency regulation. In previous research, the frequency dead
zone is generally selected to be (+£0.02~0.05) Hz, while in this
paper, £0.02 Hz is chosen. As shown in Figure 8, at t = 11.8 s,
OWTF1 exits frequency regulation work. Meanwhile, to ensure
that the unit has certain frequency regulation capabilities and to
reduce instances of unit stall and shutdown, this study
stipulates that the output power of the unit involved in
frequency response from OWFI1 should not be less than 20%

of the rated capacity.
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Dynamic performance under agent loss: (A) output frequency, (B) GSVSC1, (C) GSVSC2, and (D) GSVSC3.
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5.3 Performance analysis in agent
loss scenarios

Figures 12-15 showcase the assessment of the proposed method’s
performance in the case of agent loss. Within this set, Figure 12A presents
a global comparison chart of active power output, while Figures 12B, C
offers a detailed enlargement of the power. At t = 10s, GSVSC2 loses
communication with others, signifying an agent loss scenario. It is
noteworthy that GSVSG2 can continue to function normally based
on the predefined default reference (0 kW). Concurrently, the remaining
VSGs can continue to function normally. Under cooperative control, the
OWEF also contributes additional active power for system balance
regulation, as depicted in Figure 12C.

Figure 13 illustrates the frequency variation output curve. Given
GSVSC2’s limited frequency fluctuations during power output
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changes, traditional control strategies yield reduced SFD.
Nonetheless, the adoption of the proposed coordinated control
method improves frequency convergence for GSVSCl and
GSVSC3 while mitigating the frequency drop in GSVSC2. This
results in an overall enhancement of frequency convergence and
system stability.

Figure 14 displays a comparative plot of voltage output curves.
With the adoption of the proposed coordinated control method,
DC-side capacitors release additional energy to fulfill the system’s
power demands and expedite convergence to a stable state when the
system reaches equilibrium. This highlights the efficient utilization
of energy stored in the DC-side capacitors. Figure 15 illustrates the
corresponding supplemental power output.

The simulation results reveal the effectiveness and robustness of
the proposed method in cases of agent loss. Although the
communication capabilities of the agent may be interrupted due
to malfunctions, the proposed method ensures the stable operation
of the power system and successfully suppresses excessive voltage
and frequency fluctuations. This also highlights the superiority and
potential of the method when faced with system imbalances and

uncertainties.

5.4 Performance analysis under non-ideal
communication

In a communication system, latency encompasses various
components, including system fault detection and trip time,
transmission delay, and control total delay. These components
can be quantified as follows: fault detection time is 3 ms, and the
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Dynamic performance under non-ideal communication: (A) communication noise, (B) active power, (C) output frequency, and (D) DC voltage.

Frontiers in Energy Research

13

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1363323

Han et al.

average trip time is 6 ms. Transmission delay is directly
proportional to the length of the communication line,
represented as 2 times the line length divided by the speed of
light. The control total delay, which encompasses network power
flow calculations, is fixed at 10 ms. For instance, assuming a VSC
interstation line length of 150 km, the resulting communication
delay 7;; is calculated as 20 ms. To assess the algorithm’s
effectiveness in the presence of communication delays, a total
delay of 7;; = 1,000 ms is designated within the MTDC for
validation purposes. In a suboptimal communication setting,
the reception of information from node j to node i can be
described as follows:

xij () = x;(k = &; (k) + 1; (K) (34)
Where &;(k) is the communication delay; y;;(k) is the channel noise
using Gaussian noise simulation. Integrate (34) into the system's
input signal to simulate the scenario of operating in a non-ideal
communication environment.

Figure 16 provides a robustness assessment in a non-ideal

communication network environment, specifically with E,«j =
1000 ms. Figure 16A visualizes p;(k). As illuminated by Figures
16B-D, the proposed method sustains its performance effectively
amidst substantial communication delays. These figures underscore
that the system retains its stability notwithstanding the pronounced
communication delays. By demanding less data transmission, the
proposed method enhances the communication delay margin,
demonstrating the robustness and resilience of this control

strategy under non-ideal network conditions.

6 Conclusion

This paper has explored a VSC-MTDC voltage operation
control strategy based on the VSG consensus MPC algorithm.
Within the MTDC system, a challenge emerges during power
regulation—the absence of inertial interaction support at the VSC
station. To address this issue, this paper proposes a cooperative
control strategy, incorporating MPC for VSG power increment
acquisition, and employing a consensus algorithm to enhance
inter-MTDC system inertia. After in-depth research and analysis,
the main conclusions are as follows:

1) The proposed cooperative control strategy employs MPC to
manage VSG power increments as an adjustment parameter
for DC voltage control, effectively utilizing the DC-side
capacitor voltage energy for power imbalance regulation.
Importantly, this strategy demands minimal communication
information for implementation.

2) Under the influence of supplementary power, the convergence

rates of system DC voltage, active power, and output frequency

have all been enhanced. Simultaneously, the adverse effects of
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