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Abstract—The increasing penetration of the renewables and
integration of the power electronic devices leads to lower system
inertia, which is changeling the system stability of an MTdc
system. This paper presents an improved adaptive predictive
control with the multi-objective targets coordinating the key
parameters that the dc voltage, ac frequency and power-sharing
among the terminals in the multi-terminal HVde (MTdc) system.
Specifically, we contribute two main points to the relevant
literature, with the purpose of distinguishing our study from
existing ones. First, the proposed method is based on minimal
information exchange by only considering neighbouring
terminals. Second, the adaptive control is achieved by setting a
weighted fitness function to adaptively tune the weights with the
effective integration of the trust-region and particle swarm
optimization. A four-terminal HVdc system built within the IEEE
30-bus ac system is used as the study case to validate the robustness
and efficiency of the proposed method. In the case study regarding
the multi-objective fitness function, the proposed approach
benefits in suppressing the voltage deviation, providing frequency
support and establishing an automatically updated power
equilibrium leveraging by the adaptive parameters.

Index Terms—Coordination control, hybrid system, model
predictive control, particle swarm optimisation, wind generation.

I. INTRODUCTION

W ITH the advancement of intensive high-capacity dc
transmission projects and the development of large-scale
wind farms, some areas with clean energy enrichment have
evolved into traditional dc transmission lines and new energy
high-permeable power grids [1-3]. Under the multi-dc
asynchronous delivery pattern, a large number of converter-
interfaced sources of energy, such as wind power, continuously
replace synchronous generating units, resulting in a significant
decrease in system inertia, which may weaken the power grid's
ability to resist large-capacity power disturbances [4, 5]. As a
result, a major concern has been raised about automatically
appropriate power-sharing taking into account dc voltage
deviation and frequency support [6].

Frequency regulation can be implemented on either side,
providing dc voltage regulation for the MTdc system
transmitting renewable energy from remote sources, such as a
wind farm, to the centre demand area [7-10]. Traditional droop
control, on the other hand, has a strong interaction with the
droop character, which reduces the efficiency of the control
scheme [11]. Furthermore, the grid-side converters will
maintain a constant power output until the droop coefficients,
which determine the power ratio, are manually changed,
implying that traditional droop control will be unable to provide
fast frequency support for ac grids [12]. As a result, traditional
droop control is incapable of coordinating dc voltage
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regulation, frequency support, and power dispatch. When it
comes to frequency support, numerous studies have found that
control schemes that provide frequency support have a very
positive impact [13-16]. Paper [17] uses pilot voltage droop
(PVD) control to enhance the dc voltage regulation and
frequency deviation sharing. However, apart from general dc
regulation and frequency support, automatically appropriate
power-sharing between MMCs should be taken into account to
improve the dynamic response of the whole system. The droop
gains are identified with the limits defined for dc-side power-
sharing and dc voltage in power-voltage droop control through
two energy-based control approaches [18]. The adaptive droop
control is proposed to regulate dc voltage considering power-
sharing in paper [19]. The virtual synchronous generator (VSG)
is another technique that has been applied to allow the MTdc
system to operate in the same manner as a synchronous
generator (SG) for frequency support and power transfer
capability [20, 21]. However, few papers include multi-
objective targets that include all key parameters such as dc
voltage, ac frequency, and power-sharing among terminals.

The model predictive control (MPC), also known as the
receding horizon control (RHC), is a type of model-based
control theory that employs linear or nonlinear process models
to achieve control goals [11]. The effects of wind-farm side
active power output on voltage variation are investigated using
predictive control for fast and flexible voltage regulation
coordinated with active and reactive power from wind
generation [22]. Centralized control is used in a point-to-point
HVdc system [23]. However, communication delays and
failures can make fast communication unreliable, and the
centralised approach with multi-agents necessitates significant
computational effort [24]. The decentralized model with local
systems will provide a better trade-off between optimality
performance and computational time. Hence, the distributed
control is proposed in many researches [25-30]. The
requirement of system topology and parameter tuning will limit
computational burden, and distributed MPC may result in poor
overall system control performance [27]. A hierarchical fast
frequency control incorporated both a centralised and a
decentralised strategy has been introduced in paper [31]. The
distributed multi-agent  system's  structure = combines
decentralized horizontal interaction with centralized vertical
control, which not only improves coordination efficiency but
also maintains the system's real-time, dynamic, and fault
tolerance. However, the solutions of multi-objective targets
would be difficult when combining both the centralized and
decentralized method.

This paper presents an improved distributed model predictive
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control for enabling HVdc interconnectors with the increase of
renewable energy generators and share of renewables to
improve system stability considering multi-objective factors
that voltage regulation, frequency support and power-sharing.
Because of its simple structure and vast application, PSO was
created and is frequently utilised [32]. The Particle Swarm
Optimization (PSO) has been proved to be efficient in finding
globally optimal solutions and has been prosperously used in
different scenarios such as inertial support optimization from
variable speed wind turbine [33], PSO-optimized PID
controller [34], optimal energy scheduling [35], etc.. The
particle swarm optimization algorithm outperforms other
algorithms including the genetic algorithm (GA), differential
evolution (DA), bee algorithm (BA), and colonial competitive
algorithm (CCA) on accuracy and convergence speed [36].
Particles in PSO can update their positions and velocities as the
environment changes, meeting the proximity and quality
requirements. Particles in PSO can maintain their stable
movement while changing their movement mode to adapt to
changes in the environment. As a result, particle swarm systems
adhere to the principles including proximity, quality, diverse
response, stability and adaptability. In addition, the PSO
algorithm can easily solve nonlinear equations and then store
the optimal values [36]. The antiwindup proportional and
integral controller control parameters are tuned offline using an
adaptive velocity PSO technique [37]. To adjust the settings of
the PID controller optimally, an optimization strategy based on
the PSO algorithm is given [38]. The main parameters of an
active disturbance rejection control are optimised using an
adaptive PSO method [39]. However, compared with the
existing application, it is difficult to solve the multi-object
(MO) optimization problems. The trust-region (TR) algorithm
can solve a multi-objective control problem (MOCP) to
guarantee convergence to the best solution for a high-
dimensional problem [40]. Each target function can be
optimised independently in multi-object optimization
problems, and then the optimal value for each target can be
found [41]. In order to improve the existing controller
parameter optimization, the adaptivity is achieved by using
weighted fitness function coordinating the weighted based
trust-region (WTR) and multi-objective particle swarm
optimization (MOPSQ) algorithm which has an easy
realisation, superior performance and low computational
complexity. The hardware-in-the-loop (HIL) test system is built
including a 4-terminal MTdc system within the IEEE 30-bus
network to verify the proposed control algorithm at an
experimental level. The key contributions of this paper are:

e Using varying weighted fitness functions, an improved
adaptive predictive control with multi-objective targets
coordinating key parameters such as dc voltage, ac
frequency, and power-sharing among terminals is
proposed.

e The implementation of multi-objective targets is based on
minimal information interchange coordinating the
information only between neighbouring junctions rather
than global information.

e The integration of the WTR and the MOPSO algorithm

ensure the optimality of the weights to adaptively identify
the mismatch between terminals.

The rest of the paper is organised as follows. Section II gives
an overview of the control method for the MMC-MTdc system.
Section III introduces the adaptive control based on WTR and
MOPSO algorithm. Section IV introduces the system modelling
on a 4-terminal dc grid interconnecting two synchronous ac
areas and two offshore wind farms in the IEEE 30-bus ac
system, and the real-time experimental results are presented and
discussed. Concluding remarks are given in Section V.

II. OVERVIEW OF THE PROPOSED PREDICTIVE CONTROL

A. System description

A four-terminal HVdc system is tested in this paper,
including two offshore MMCs connected to the wind farms and
two onshore MMCs connected to the ac grid. The permanent
magnet synchronous generator (PMSQ) is used in wind turbines
in the offshore wind farm. The real-time grid phase angle is
measured on the phase-locked loop (PLL). The dynamics of a
wind farm-side MMC can be found from paper [42].

The fluctuating characteristics of wind power will have an
adverse effect on grid frequency transient stability, the most
noticeable being a deterioration in frequency transient stability
capability caused by a lack of inertia. In the traditional VSC-
MTdc control mode, the ac frequency on the wind farm side is
decoupled from the grid frequency, and the wind farm cannot
sense the grid frequency change, so the grid frequency
information needs to be transmitted to the wind farm side. The
grid connection of large-scale wind farm groups through VSC-
MTdc will reduce the equivalent short-circuit capacity of the
grid connection point, and bring about a series of stability
problems. At the electromechanical transient scale, the wind
farm integrated MTdc system cannot participate in the grid
frequency regulation, which deteriorates the transient frequency
stability of the grid. Hence, ac frequency is selected as a key
parameters in the proposed algorithm to achieve the frequency
support for the ac power grid, so as to solve the problem of lack
of inertia to a certain extent. In the process of frequency support
from the dc system to the ac system, ensuring the stability of
the ac side's operating state and the stability of the dc voltage is
of great significance to the entire multi-terminal flexible dc
transmission system. The maintenance of dc voltage is
important in the HVdc system. Hence, the dc voltage is selected
as the key factor in the proposed methods. The dc voltage and
the ac frequency of the ac system are linearly coupled. The dc
voltage is adjusted according to the change of the frequency,
and the output power of the wind farm is adjusted with the
change of the voltage. The disadvantage of this control strategy
is that the coefficient of the dc voltage and frequency is a fixed
value, the influence of the coefficient between dc voltage and
ac frequency on the output power of the wind farm needs to be
further considered. Hence, the power is selected as another key
factor.

When power disturbance occurs in the system, the dc voltage
will change accordingly, and each converter station will adjust
to reach a new stable operating point. The new steady-state
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operating point should ensure the stability of dc voltage and the
balance of active power and provide seemly frequency support
to necessarily meet the requirements of optimal operation of the
system. Hence, a novel distributed model predictive control is
proposed in this paper.

B. The predictive control formulation

Using predictive models integrated with the historical data
and future inputs, MPC predicts the future output of the system.
Employing a specific performance index, MPC is optimised to
obtain feedback correction control in the rolling finite time
interval t;. The feedback including active power from ac grid
generation P;", active power on ac grid P;} in ac grids, active
power from dc grids Pny,.. and dc voltage V7i in MTdc system
and reactive power Q- in wind generator form a closed loop.
The control scheme in each branch is completed through
consultation and cooperation between adjacent terminals
utilising energy balancing. The adjacent module information
will be measured and transferred to the MPC. Since only the
first time-step of the control action is executed, a receding
rolling horizon manner is operated at the next discrete step k +
1. Hence, the optimal control will work in the system to
withstand the negative influence caused by systematic volatility
and faults based on the updated power balance.

The basic principle of MPC is constitutionally the
optimisation problem at each sampling time, which explores the
control sequence in the finite time domain for optimum
performance. The discrete-time state-space model can be
expressed:

x(k + 1) = Ax(k) + Bu(k) @)
where x (k) is the state sequence; u(k) is the control sequence;
k is the sampling interval.

The equation can be updated in state-space expression as:

&(k + 1) = Ax(k) + BAu(k) ®)
n(k) = CE) )
where Au(k) = u(k +1) —u(k) is the control increment
assuming that u = {u(k),u(k +1),...,u(k + N —-1)}; N is
the horizon; & (k) is the state sequence in prediction horizon;
n (k) is the output sequence.
The output from the system can be expressed:

Y () = P&(t) + 0An(t) (10)

where:
gt+N,)=A ”f(tlt)+AN” Bau(el) + -+
AT B dule + Nlb) (11)
n(t+N,|t) = Ct,tKpr(tlt) +C, KN”_lﬁ Au(t|t) + -+
CAP T B du(t + Nelt) (12)

where N, is the prediction horizon; N, is the control horizon.

In general condition, N, = N,. In this paper, N, = N is
used for better computational process unless the controller
needs to exceed the control horizon [43].

The voltage deviations are expected to be corrected in wind
farm side MMC. Hence, the incremental predictive model of
the WFVSC can be introduced in eq. (13) by defining the
voltage deviations AViy oo = Vg eq(t +1) — Sd sq(@)
deviation  AVgy 54 = Vg sq(t + 1) -

voltage  reference

Vsa,sq (t), the voltage reference deviation of the voltage control
loop AV = v/ (t 4+ 1) — V,(¢), the voltage deviation in the
control loop Av;'g_gq = (A sd,sq — AVsd_sq) /s and the deviation
of i¢q in inner loop Aig = icq(t + 1) — iy (t) in the control
loops.

Akyyrpse = [—%A v+ AV — an“fAicd, —AVint 4

%K;“tAicd,éKﬁ“tAicd,éASd - éAicd] (13)
where 7, is the time constant; K, = L/7;, and K; = R/7;, are
the selected proportional-integral (PI) parameters; s is the
complex variable.

Meanwhile, the control constraints and state constraints are
considered, which relies on the time interval. Hence, the system
inequality and equality constraints can be expressed by:

VIU (k4 1) < Ve (k + 1) < VI (k + 0)
s.t. AVIE" < Vyo(k + 1) — Ve (k + i — 1) < AVA*
Vielk +0) =V (k+i—1) + %Apmmc(k +i-1)
(14)

The reactive power is set to be zero in the onshore ac side

converter. The smoothen reactive power can be corrected

through wind turbines that the predictive model can be
expressed by:

Ay = ——AQW oy — AQTef (15)
Qui™(k + l) < Que(k + l) < Qe k+1)
S. t.{ AQU™ < Que(k + 1) = Que(k +i— 1) < AQU*
| Que ke + D) = Quell +i = 1) + ‘“’gf APTST (k + i — 1)
(16)
where T, is the time constant; AQ‘:,etf =Q,:(t+1)—0,.:®)

is the deviation of the reactive power reference value; AQ,,; =
re f

is the dynamic behaviour of Q-loop; AQL* =

S,f,t — P2, is the available reactive power.
The active power can be updated through MMCs considering
the power balancing.

A%, = — AP 4 — APref (17)
9 ‘ Tgffgfn
( Pk +10) < g(k-l-l) Squax(k+i)
AP < Pk +1) — Py(k +i— 1) < AP
s.t. N L dpg APgmmc ref _
Pk+i)=PFk+i-1)+ pr— dpgfr{mc AR (k+i—1)
[Pk + 1) — Pk +i—1)] =0
(18)
where 7, is the time constant; APref P(t+1) - P is

the deviation of the reactive power reference value; APg =
LAPgref is the dynamic behaviour; AP’,’}?C" is the available
STg

active power. The expression of F; can be replaced by F,. and

P for the active power of ac-side and MMC.
The frequency deviation can be illustrated as:

—— (D, + D,P] orel — APy (19)
frnsf—fo< f"‘“" (20)

Axf: 4f]
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where D, is the damping of the generator; D, is the damping of
the load; ] is the inertia; Af = f — f,, is the frequency
deviation.

In order to study the dynamic performance on multi-
objective, the joint function is studied, which is of interest for
droop design purpose.

T
] minw, Xi. 1[APTc6f(k + l)] [Apgff(k + l)]
Wy T4 [AP,(k + D] [AP,(k + D] + w3 X 1[AP,I§,{C(1< +

0]’ [APrfﬁnc(k+l)]+w4z [AQTef G+ 0] [AQ7 (ke +

D] + ws T [AVE (e + D] [AV (k + 0] +
we N [Af (ke + D] [Af (k + D] + w; XFq ay; (Pmn;a(f)
Mﬁ%ﬁ) Q1)

where w,, w,, w3, Wy, W5, Wg, and w, are the varying
weights respectively responding to the ac-side active power
deviation AP,., the ac-side synchronous generator power
deviation AF,, the converter side power deviation AP, the
wind farm side reactive power compensation error €yq,,,, the
dc voltage regulating error €,y , the frequency correction &,y,
and the power-sharing error £,p between local and adjacent
MMCs, P; and P; are the power-sharing ratio.

The power-sharing ratio is measured to ensure the shared
power within the limit. If there is no need for power-sharing,
the coefficient factor will be set to the pre-set value. If the
system requires a share of power, the constraints will be
selected in the control scheme. If there is no space for extra
power, the presupposed power will be set to a constant.

III. THE ADAPTIVE CONTROL COORDINATING WITH WTR
AND MOPSO ALGORITHM

TR MOPSO

Set initial model and
all parameters
T N Initialize the particle position

ith t inat ti
X = xag, k=0, M=1 with the dominated solution

Compute indicator matrix
Zy, and Hazen matrix By,

i

Calculate the power-sharing
ratio, voltage regulation ratio
and frequency correction ratio

Initial eigenfactor
MPC controller

Fitness function J

-b{ Update V"Jr1 and X"Jr1

The predlcnve control

| Update fitness function J |

Criterion
satisfied

ment k

Set the point x;
in the repository

Increment M

| Compute the trail step pj | g
El

| Update P} and P;d |

Test the step and
update the TR radius No

Over max
iterations

Optimal eigenfactor

Fig. 1. The flowchart of the proposed method
With varying weights, WTR and MOPSO algorithms are
coordinated with the proposed MPC to achieve flexible
adaptive control to meet operation requirements. The weights

can be automatically obtained by coordinating the WTR and
MOPSO algorithms yields trajectories close to the global
optimum while only having finite horizon information. The
overall structure of the adaptive control strategy is visualized in
the flowchart in Fig. 1.

A. The weighted trust-region algorithm

In each iteration of the trust-region algorithm, a trust-region
radius is first determined, and within this radius, the minimum
value of the second-order approximation of the objective
function is calculated. If the minimum reduces the objective
function sufficiently, then the next iteration is entered, and the
trust-region radius is expanded. If the minimum does not reduce
the objective function sufficiently, it indicates that the second-
order approximation in the current trust region is not reliable
enough, so the trust-region radius needs to be reduced, and the
minimum is recalculated. And so on, until the necessary
conditions for convergence are met. The error back propagation
algorithm uses the error between the sample label information
and the actual classification result to construct the loss function
between the error energy and the weight. The partial derivative
of the weight is obtained through the error energy, combined
with the weight gradient descent algorithm, to realize the
adjustment of the weight.

The Lagrangian function regarding the fitness function can
be defined as:

LQxy, ) = f (i) + Ach(x) (22)
where A;, € R is the Lagrange multiplier vector related to
equality constraint h(x;) € R.

The augmented Lagrangian is expressed as [44]:

¢, A7) = Lx,A) + rllh( )l (23)
where r is the penalty parameter.

The initial state is set to be x; of the k™ iteration. Taking the
X, as the centre of the circle and making a circle according to
the trust-region radius Ay, a trust-region is obtained. The
second-order approximation of the objective function is made
at x;, to get the second-order function after approximation.

my(p) = fi + Vil prc + %kak (24)
where f is the objective function; By, is the approximate Hazen
matrix of x;; py = PRt + Z, P, is the trail step, which includes
two orthogonal components: the normal component py and the
tangential component pf; Z, is the matrix of the orthonormal
basis for the null space Vf!.

The normal component py can be obtained by minimizing

the TR sub-problem % lfie + VIR
&My . The tangential component pf can be computed by
minimizing  [ZFL(xy, A) + Bep?1 s + = pk Bt

subjecting to [IZgpll < VAL — lIpi |12

The variable p; is solved to minimize the second-order
function my(p,) in the trust-region. In the trust-region,
m; (py) can be found close to the objective function. But they
do not come close outside the trust-region. A vector is detected
as the trust-region step size that minimizes m; (p;) within the
trust region. The selection of the trust-region radius is very
critical because the iteration will be interrupted if an

[I?, subjecting to [Ipi|l <
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unacceptable step size is located with a very large trust-region
radius. Hence, the acceptable condition of step size can be
expressed as:
[ o) —f (i +pr)
KT e (0)-my (o) (25)
The augmented Lagrangian function (14) is used as a merit
function. The compression is made between the actual
reduction Arep, and the predicted reduction Prep, which
move from Xx; to x;, + py.
Arep, = L(xp, A4) — L(Xeq1, Asr) + 1 [llRGe)1? =
IR Ceres )17 (26)
Prepy = =V, L(xp, i) pi — %Plﬁkak — Mg (h(x) +
Vh(x) i) + 1iclllh e 17 = Ih () + VRGa) pell?] - (27)
The denominator represents the decrease in the quadratic
approximation of the objective function, and the numerator is
the decrease of the objective function. If pj is on the verge of
one, it shows that the quadratic approximation is very close to
the objective function, so the step size is acceptable. If pj is
close to zero or even less than zero, it shows that there is a big
gap between the second-order approximation and the real
objective function, so we need to reduce the trust-region radius

and recalculate the step size. A threshold is set to be o € (0,1)
Arepy
Prepy

to a3 ||px || and the updated trail step is computed using the new

to determine the final step. If < 0y, the radius is decreased

radius. If % = 0,, the step is an acceptable setting A=
k

MIn{Amax, Max{Bpin, 0103}, If 0y < APk

Prenk < 0,, the step is

an acceptable setting Ap,;= max{Ain, 014r}. Hence, the
WTR algorithm is terminated on the state either ||p,|| < g, or
NZEViLill + ]l < 0.

In order to obtain the minimal value of m,; (p), the Cauchy
point method is used with a view to decrease the counting
amount. The gradient descent direction is fixed to be the
direction of p, and then the minimum value is searched in the
trust region along this direction. Therefore, the step sized is

selected as:
Ak

Pk = —Tk mvfk (28)
_ 1 VAIBVf, <0
”‘bMWMWMWEMJMWmm>O
The direction of p;; is the same with the gradient descent
direction —Vf;, and the value is set to be T, Ak. If VAT B, Vf;, <
0, my(p) is the monotonically decreasing function, hence the
step size is set to reach the boundary of the trust-region.
Otherwise, my(p) is the quadratic function going upwards,
then Ving(p) = 0. If the minimum value is within the trust-
region, this step size is used. Otherwise, the step size is changed
to reach the boundary of the trust region.

B. MOPSO optimisation

In this stage, the particle swarm optimisation is adopted to
optimise the performance of the control scheme. The dominated
solution obtained from the TR stage is imported to PSO as the
initial value. The particle velocity and position can be updated
by the eq. (18) and eq. (19).

Vgt = oVig + C17”1(Pi’fz - Xikd) + Czrz(P;d — Xlg (30)

(29)

Xkt = xk + vl (31)
where V;y = (vq,v, -, 1) is the adjusted particle speed; X;; =
(x4, %3,++,x,) is the adjusted position; i = 1,2,3,::-,n; n is
the total number of particles in the group; d represents the d-
dimensional space; w is the inertia weight of the previous
velocity in the speed calculation in current state; k is the
number of iterations; P, is local optimal particle position of it
particle, which is also known as Py, ; P;d is global optimal
particle position of g particle, which is the replacement of
Gpest; €1 and ¢, are the learning factor regarding the influences
of the best particles and best global positions in the velocity
updating; 1; and r, are the random variables with uniform
distribution.

The PSO convergence is based on the fitness function that
updates the new velocities and positions of the particles. The
PSO algorithm will be affected by the acceleration coefficients
¢ (local learning factor) and c, (global learning factor). Based
on the test in Fig. 2 that the best performance of the PSO is
achieved with an intermediate value that is either too large or
too small.

T
cl=c2=0.1|
cl=c2=0.2
cl=c2=0.5| |
cl=¢2=0.7
cl=c2=1.0
cl=c2=1.5| 1
cl=c2=2.0
cl=c2=2.5| |
cl=c2=3.0
cl=c2=4.0

30 40

Iterations

Fig. 2. Fitness iteration diagram of different learning factors c1 and c2.

The inertia weight ® denotes the ability to maintain current
velocity can be expressed as:

G=k\™
w(k) = Omitiar = (Oinitiat = Ofinat) (T) (32)
where Win;tiq) and Wging are the initial and final inertia weight,
and Winitiqr > Wfingr ; G 1 the maximum number of the
interactions; m is the nonlinear index.

When inertia weight is more considerable, the ability of
global optimum is better. When inertia weight is a smaller
value, the method has a better convergence with better local
optimisation ability. Hence, the inertia weights are either too
large or too small, and Win;tiq;=0.9, Wfine=0.4 are selected.

Optimisation of predictive control is not a one-time process
but a repeated process with the increase of sampling time hence
called rolling horizon. Although the receding horizon method
cannot get the comprehensively optimal solution, the deviation
of each sampling time is optimised at each sampling instant
repeatedly, hence, timely correcting the various tricky
situations during the control process. The fitness function can
be treated as the multi-objective target that can be achieved
stepwise and fractionated through constraints application
scenarios.

When dealing with large disturbances and faults, the DC
voltage deviation is the most important factor to consider when
evaluating the performance of a VSC-MTDC system. The DC
voltage deviation is more important for the safe operation of
entire MTDC system. The capacitance can be reduced by
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reducing the output voltage deviation. As a result, a small
voltage deviation is critical for lowering the cost and volume of
electrolytic capacitors, the weakest link in power electronic
circuits. As a result, the voltage deviation is used to evaluate the
performance of proposed method.

IV. SYSTEM STUDIES

A. Test system

This section presents the detailed simulation results to
validate the effectiveness of the proposed method on a four-
terminal HVdc system embedded with the IEEE 30-bus test
system, as shown in Fig. 3. The MMC 1 and MMC 2 are
connected to the dc network through bus-1 and bus-2 and the ac
network through bus-15 and bus-24. The active powers of the
converter station are determined by the proposed control, and
the reactive powers are set to be zero. The MMC 3 and MMC 4
absorb the powers from two separate wind farms connected to
the dc network on bus-3 and bus-4. The power rate in all four
terminals is set to be 1000MW. The initial active powers of dc
grid MMC 1, 2, 3 and 4 are 449MW, 362MW, 237MW and 619
MW, respectively. Two wind farms are connected through 200
km long dc cables, while the rest of the dc systems are
connected through dc overhead lines, which are 150 km, 350
km and 500km long. The ac-side d-axis current reference is 1
A, and q-axis current reference is 223 A, corresponding to 5
MW at a standard voltage. The system is equipped with the
superconducting fault current limiters (SFCLs) in the terminal
of the dc transmission lines together with the mechanical dc
circuit breakers (CBs) forming the protection devices in the
system to limit the maximum fault current.

29 27 28
BT 26T
MMC 1 G6 MMC 2
-—|<} — 23 |7—|<}

24--J—

154 18

G3 _L | Jf e
5] I

O, A Sy

a<} &}@4\

MMC 4 MMC 3

Fig. 3. The four-terminal MTdc system embedded with IEEE 30-bus test
system configuration

The detailed MTdc system technical specifications and the
tuning and simulation parameter values are specified in Table I
and Table II, respectively. All the simulation results are
presented in per-unit values.

Table I The detailed parameters of the test system
Operating rating
96 mH; 124 mH; 49 mH; 192 mH

Specifications
Lcablel; Lcable2; Leable3; Lcabled

Rcablel; Rcable2; Rcable3; Rcable4
Ccablel; Ccable2; Ccable3; Ccable4

2.68Q;1920Q;0490Q;2.02Q
0.26uF; 0.26uF; 0.48F; 0.50uF

DC base current 250 A

DC base power 500 MW

Rated power of MMC 1060 MVA
Rated voltage of MMC 230 kV ac; £400 kV dc
Arm reactor 50 mH

Rated power of WT 10 MVA

Rated voltage of WT 690 V AC

Wind speed; Rotor speed 12 m/s; 10 rppm
Inertia 151*10° kgm?
L-filter impedance (0.01+j0.25) p.u.
Diameter of SFCL 80 mm

Pitch of SFCL coil 15 mm

Tape to tape separation 0.3 mm

Critical current of superconductors 253 A
Line resister 0.011 Q
Load resister 1Q

Table Il The parameter in the proposed algorithm

Parameter Value Parameter Value
0, 0 N 20-50
o, 2 PSO iteration 50-200
0, 0.5 w 0.4

[ B 0.5 [ 13

A, (1,1.5)Ain c, 13
Amax 1057, & 1077
Amin 10° & 1077

B. Hardware in the loop test system

A hardware-in-the-loop test system (Fig. 4), including the
real-time simulator RTDS embed with the ODAC and GTDI
cards, the analogue interface, the digital interfaces and the DSP
(TMS320F28335) is introduced in this paper to test the real-
time performance of the proposed method. The RTDS is
regarded as a convincing simulator with real-time simulation
capability and system flexibility compared with the other
traditional simulation method [45]. Due to difficulties of
building a real MTdc experiment platform in the laboratory
environment, the test case is built and operates in the closed-
loop, therefore the effects of the control actions can be observed
through real-time interaction with the simulation. The control
algorithm is built in an external DSP which will generate the
physical control signals to verify the effectiveness and real-time
of the proposed methodology at an experimental level.

Build-in System

Control Algm ithm

Dl"ltal Interface

Fig. 4. The RTDS HIL test setup

The four-terminal MTdc system embedded with IEEE 30-
bus test system is established and simulated in the RTDS. The
control scheme is designed in DSP, which is used to receive the
analogue signals from the ODAC card in RTDS and generate
the digital control signals through the embedded ADC module.
The control signals are processed by a GTDI card built in
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RTDS. The analogue signals generated from the ODAC card
are at +10 V, whereas the signal in the DSP peaks at 3.3 V. And
the signals from the DSP is at 3.3 V level, whereas the GTDI
card has 5 V logic. Hence, analogue and digital interfaces are
required in the test system.

C. Results and discussion

The proposed method is firstly tested under the line-to-
ground fault which occurs at 1 s compared with the centralized
MPC method (CMPC). The proposed control scheme is then
studied under load changes on the ac-side compared with the
traditional droop control. A 200 MW load is decreased on
terminal 2 at 2 s.

The initial start of the whole system is studied for all four
terminals (T1, T2, T3, and T4), and the active power at the
initial start is shown in Fig. 5 compared with the centralized
MPC control method. The difference is slight about 0.0001 p.u.
between the curves with the proposed method (which is short
for Prop) and the centralized MPC method (CMPC), which
means these two methods can achieve a good performance at
the initial start of the system. Furthermore, the fluctuations of
the waveform are reduced by using the proposed method until
the system entering stability.

—
— Prop-T,

— Prop-T,

T
| A
A AADs= o I Prop-T, |4
[| B et ' '-}_’_ _A-\l-u A R O—— —_— l’mp-'l':
e NP A o) -
o\, coamansf bt CMPC-T,
CMPC-T,

I L. CMPC-T, |,

-1¢ e L CMPC-T, | ]

P (p.u.)

0 0.1 0.2 0.3 0.4 0.5
Time (s)
Fig. 5. The active power at the initial start of the system

The proposed method is compared with the centralized
control without communication for automatically power-
sharing and centralized MPC scheme in Fig. 6 and Fig. 7,
respectively. The influence of the proposed method can be
found to effectively alleviate the influence of the ac system to

the greatest extent. Because a fault occurs on the system, the
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Fig. 6. The performance of ac voltage, ac current, active power and reactive
power with non-adaptive control
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Fig. 7. The performance of ac voltage, ac current, active power and reactive
power with the proposed control
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Fig. 8. The performance of dc voltage regulation compared with CMPC
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Fig. 9. The performance of active power with power-sharing compared with
CMPC

The dc voltage regulation (Fig. 8) is the key function of a
control scheme. It can be observed that the voltage deviations
are dramatically alleviated, and the voltage is equilibrated
quickly after the change of loads. The voltage value can be
restored to the nominal value faster using the proposed method.
The standard deviations of dc voltage are 0.8358% for
centralized MPC control and 0.8012% for the proposed control,
respectively. Fig. 9 performs the response from active power on
four terminals. It can be observed that the response speed is
faster than the centralized method with global searching.
Furthermore, the waveforms are shown in a smoother form
because of the adaptivity of the proposed control scheme with
consideration of active powering sharing.

The results of using the proposed method show the
trajectories converge to equilibrium. The proposed distributed
prediction control method can reduce the power losses
effectively by cutting down the average losses in one time step
from 11.9514 MW with MPC to 10.3620 MW with the new
method.

Fig. 10 depicts the dc voltage regulation in the second case
with load changes. The dc voltage standard deviations for droop
control and suggested control are 0.9020% and 0.8109%,
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respectively. Fig. 11 performs the response from active power
on four terminals. With the improved power balance, the active
power can be returned to the steady state in a shorter amount of
time.

1.06 T T ; .
— Prop T,
1.04} —— Prop-T, i
. — Prop-T,
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1.5 2 2.5 3 3.5 4
Time (s)
Fig. 10. The performance of dc voltage regulation compared with non-
adaptive control
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Fig. 11. The performance of active power with power-sharing compared with
non-adaptive control
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Fig. 12. The performance of ac frequency compared with non-adaptive

control

Under the conventional droop control strategy, when the load
changes, the converter station cannot respond to the frequency
of the ac side system, and neither the dc voltage nor the VSC-
MTDC transmission power changes. Active power balance can
only be achieved by relying on the frequency regulation of the
generator set and the power frequency characteristics of the
load. The ac side frequency is tested in Fig. 12. The fluctuation
of the frequency changes can be observed with 15.57%
improvement.

The proposed method can quickly mitigate fluctuations and
bring the system back to a steady state. According to the results
of the tests, the proposed method can effectively work in
situations where the system is disrupted. First of all, the results
show smoother lines at the initial start of the operation. This
method will effectively mitigate system fluctuations and
quickly return the system to its normal state when there is a
sudden change of loads on the ac-side system. Furthermore, the
control method can provide the capability to withstand system
faults. Meanwhile, if the system requires an update to the new

equilibration condition, power-sharing is also considered.
Hence, the proposed method is proved to be efficient and robust
to retard the voltage and active power deviation, provide a new
balance of power-sharing and provide frequency support to ac
network. The results of the operation show that this system
features excellent robustness and adaptability.

V. CONCLUSION

This paper proposed an adaptive multi-objective predictive
control for the MMC-MTdc system integrated with wind farms
to update the equilibrium of the power, regulate the voltage and
provide frequency support to the ac system. The adaptive
optimisation of the weights using a WTR-MOPSO integrated
method is presented. The multi-objective predictive control is
proposed to acquire the updated system parameters with
analytical constraints considering power-sharing in only two
adjacent dc terminals with minimal information required. The
adjustable trade-off among voltage regulation, frequency
support and power-sharing is considered in the constraints. The
proposed control method is verified in a 4-terminal MTdc
system integrated with the IEEE 30-bus test ac system using
HIL experimental platform. Compared with a non-adaptive
predictive control scheme, the effectiveness of limiting the
influences from the system deviation and bringing the system
back to normal promptly are proved. The power losses are
decreased up to 13.30%. The result shows that the control
method can adaptively operate under different system
conditions in high performance. With the predictability of
predictive control, rolling optimisation and feedback
correction, the proposed method can better adapt to the actual
system and have stronger robustness.
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