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Enhanced Voltage Control of VSC-HVDC
Connected Offshore Wind Farms Based on
Model Predictive Control

Yifei Guo, Houlei Gao, Member, IEEE, Qiuwei Wu, Senior Member, IEEE, Haoran Zhao, Jacob
Ostergaard, Senior Member, IEEE, and Mohammad Shahidehpour, Fellow, IEEE

Abstract—This paper proposes an enhanced voltage control
strategy (EVCS) based on model predictive control (MPC) for
voltage source converter based high voltage direct current (VSC-
HVDC) connected offshore wind farms (OWFs). In the proposed
MPC based EVCS, all wind turbine generators (WTGs) as well
as the wind farm side VSC are optimally coordinated to keep
voltages within the feasible range and reduce system power
losses. Considering the high R/X ratio of the OWF collector
system, the effects of active power outputs of WTGs on voltage
control are also taken into consideration. The predictive model of
VSC with a typical cascaded control structure is derived in
details. The sensitivity coefficients are calculated by an analytical
method to improve the computational efficiency. A VSC-HVDC
connected OWF with 64 WTGs was used to validate the proposed
voltage control strategy.

Index Terms—model predictive control (MPC), offshore wind
farms (OWFs), power loss, voltage control, VSC-HVDC.

I. INTRODUCTION

IND power has been rapidly developing during last few

decades due to the renewable-energy targets set by the
governments over the world. A considerable number of large
scale wind farms are planned distant from the onshore grid [1].
Compared with conventional submarine high voltage AC
transmission, the voltage source converter-based high voltage
direct current (VSC-HVDC) transmission system is
considered as a suitable way to transport the power from
distant offshore wind farms (OWFs) due to various techno-
economic advantages such as independent active and reactive
power control, frequency decoupling between OWFs and
onshore grids, feasibility of multi-terminal dc grids and
inherent black start capability [2]-[3].
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The increased penetration of wind power in power systems
has introduced various challenges towards system operation
[4]. To counter the challenges, modern wind farms are
required to meet the grid code requirements [5]-[7] set by
transmission system operators (TSOs). In conventional AC
connected wind farms, the active power and reactive power
(Var) control are decoupled [8]. Generally, the active power of
wind farms is required to track the reference set by system
operators. The total active power is dispatched to individual
wind turbine generators (WTGs) by the wind farm active
power controller. Several dispatch strategies such as
proportional distribution (PD) control, proportional-integral
(PI) control and fuzzy control, have been discussed in [9].
Among these, the PD strategy is widely adopted in modern
wind farms due to its simple implementation, which also takes
into account the available power and Var capability of WTGs
[8]-[11]. Reactive power control is related to the voltage
regulation of wind farms. Several control modes including
voltage, power factor and reactive power at the point of
connection (POC) have been specified in many grid codes [12].
Voltage control mode often shows superior performance for
transmission systems [13]. In [11], [14], the set-point of
reactive power was calculated based on the voltage at the POC
and then dispatched to each WTG based on the PD strategy
which is similar to the active power dispatch. Centralized and
decentralized voltage control schemes were discussed in [15],
which are distinguished by the outer control loop of WTGs.
The decentralized control scheme performs better considering
the negligible delay between wind farm controller and WTGs.
In [16], a hierarchical voltage controller was designed and
implemented in a wind power base of northern China.

For VSC-HVDC connected OWFs, a considerable number
of studies have been done for the fault ride through (FRT) /
low voltage ride through (LVRT) control strategies due to the
lower short circuit power contribution from power electronic
interfaced WTGs and VSCs [17]-[19].

The control strategies based on optimal power flow (OPF)
were proposed in [20]-[23]. In [20], the voltage reference of
the pilot bus was determined by the offline optimal power
flow calculation and the total reactive power reference was
obtained using a PI controller and then dispatched to each
WTG. In [21]-[23], the objectives of the OPF were the power
loss of the OWF collector system, grid side converter (GSC)
of WTGs and HVDC converters. Since the VSC-HVDC
transmission system decouples the OWFs from the onshore



AC grid, the main control aim for OWFs is to maintain the
terminal voltage of each WTG within the feasible range [16],
which was not considered in these OPF-based strategies.
Besides, generally, the voltage of POC controlled by wind
farm side VSC (WFVSC) is set at the nominal value [24],
which may neglect the fast voltage adjustment capability of
VSC.

In recent years, Model Predictive Control (MPC), also
called receding horizon control, has been extensively applied
in the wind power generation system both at the wind turbine
level [25]-[28] and wind farm level [13], [29]-[31]. In [25], a
model-based predictive controller for power control of doubly
fed induction generator (DFIG)-based WTG was proposed
using a linearized state-space model. In [26], a new wind
power conversion system configuration was explored and a
two-step model predictive control strategy was proposed,
which optimizes the maximum power point tracking (MPPT),
de-link capacitor voltages balancing, regulation of net dc-bus
voltage, etc. In [27], a nonlinear model predictive controller
was derived for power control of DFIG, taking into account
the unbalanced grid conditions. Similarly, in [28], a direct
power control strategies under unbalanced grid voltage
conditions was proposed based on MPC. A distributed MPC
scheme of a wind farm for optimal active power control using
the fast gradient method was proposed in [29]-[30]. The
objectives of the wind farm controller are power reference
tracking from the system operator and WTG mechanical load
minimization. In [13], a MPC-based coordinated wind farm
voltage controller was designed to optimally coordinate
different fast and slow voltage regulation devices. In [31], a
combined power control strategy was proposed to optimize the
voltage profile inside the wind farm as well as the fatigue
loads of WTGs.

The MPC can be effectively applied in the wind power
generation system due to the following advantages:

» The control objective and operating constraints can be

explicitly represented in the optimization problem [32];

» It can take into account the dynamic response of the
system, consequently, the obtained optimal control input
is more effective than that without prediction;

« It is applicable both at the turbine level and farm level and
can be designed with different time scales.

« It is suitable to optimally coordinate various Var devices
in a wind farm with different time constants [13], [31].

The main contribution of this paper is a MPC based
enhanced voltage control strategy (MPC-EVCS) design for
VSC-HVDC connected OWFs. The WFVSC and WTGs are
optimally coordinated in this strategy. The impacts of active
power output of WTGs on voltage variation are also taken into
consideration to improve the voltage control performance. The
predictive VSC model with the common cascaded control
structure is developed. The sensitivity coefficients with
respect to power injections and slack bus voltage are derived
based on an analytical method. Compared to the existing
control strategies, the proposed strategy can regulate voltages
while also taking into account economic operation of the
OWFs. And the fast and flexible voltage regulation capability
of the VSC can be fully used. Besides, the active and reactive
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power outputs of WTGs are optimally coordinated to achieve
better control performance.

The rest of this paper is organized as follows. In Section II,
the concept of the proposed MPC-EVCS is presented. In
Section III, the sensitivity calculation method is introduced. In
Section IV, the predictive models of VSC and WTGs are
developed. The mathematical formulation of the MPC-EVCS
is presented in Section V. Section VI presents the case studies
followed by conclusions.

II. MPC BASED ENHANCED VOLTAGE CONTROL STRATEGY
FOR VSC-HVDC CONNECTED OWFS

A. Configuration of the VSC-HVDC Connected OWFs

Fig. 1 shows the typical configuration of a VSC-HVDC
connected OWF, which is connected to the onshore external
400 kV AC grid through a £150 kV VSC-HVDC system with
nominal power rating of 400 MW. The OWF is comprised of
two parts. Each part is equipped with a collector substation,
and the substations are connected to a common VSC station
through 150 kV submarine cables. The WTGs are connected
by eight medium voltage (MV) 33 kV collector cables. There
are eight full-scale-converter 6.25 MW WTGs at each feeder,
referred to as a string. The WTGs are placed with a distance of
1.5 km.
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Fig. 1. Configuration of a VSC-HVDC connected OWF.

B. Concept of the MPC-EVCS

The structure of the MPC controller is illustrated in Fig. 2.
In the proposed MPC controller, there are two control modes
designed for different operation conditions: 1) normal mode,
and 2) corrective mode. In the first control mode, all bus
voltages are within the feasible range. The control objective is
to minimize voltage deviations of the key buses, reduce
system power losses and optimize the active power
distribution of WTGs. In the corrective mode, the control
objective is to correct the bus voltage which violates the limits.
A dynamic weighting coefficient allocation method according
to the degree of voltage deviation is used to regulate the
voltage more effectively. The details of the proposed MPC-



EVCS are presented in Section V. To be noticed, the control
period of the proposed EVCS is in seconds. Considering
the real-life implementation, the coordination between the
EVCS and existing FRT control scheme [17]-[20] of a wind
farm should be in place. The FRT control should have the
highest priority. Once one unit triggers the FRT control
strategy, the EVCS will be locked. The control mode will
switch to the FRT control mode. A voltage dead-band can
be designed to coordinate these two control strategies.
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Fig. 2. Structure of the OWF voltage control.

III. SENSITIVITY COEFFICIENT CALCULATION

The calculation of voltage sensitivity, active power losses
sensitivity and Var limit sensitivity of WTGs is presented in
this section.

A. Voltage Sensitivity

In the typical optimal control problems, the updated
Jacobian matrix is commonly used to derive the voltage
sensitivity coefficients. From the computational point of view,
the main disadvantage of this method is that the Jacobian
matrix should be rebuilt and inverted for every change in
operation conditions of the network, which involves non-
trivial computation constraints for the implementation in real-
time control problems. Moreover, this method cannot be used
to calculate the sensitivity coefficients with respect to slack
bus voltage. Thus, an efficient analytical sensitivity
calculation method, which was initially used in radial
distribution network, is used in this paper to improve the
computation efficiency [33].

Considering a network comprised of N buses (Ng slack
buses and Npq buses with PQ injections). S and N denote
the sets of slack buses and the buses with PQ injections,
respectlvely, ie, SUN={1,2,..,N} with SON=0Q .
Define V;, —Vew for all buses and S;=P+jQ, forie N.
The link between bus voltages and power injections is

§2:Yi Z ?bus,ljvj (1)

JESUN
where V; and §; denote the conjugates of V, and S, ,
respectively; Yius= [Yiui] vxny denotes the admittance
matrix.

a. Sensitivity coefficients with respect to power injections

To derive the voltage magnitude and phase angle sensitivity
coefficients with respect to power injections, the partial
derivatives of S, (¢ € N) with respect to active power P, and
reactive power @, of a bus [ € N have to be calculated, which
satisfy the following equations:

aﬁ; 6{P*JQ} ayz s 17
or, 0P, 0P jE;NYb“S"'fVJ’
1, for i=I.
+V];Yb““f {o, for i +1.
()
08; _o{P—jQ} _ 3V Z %
8Q1 8Q ]EQU\ bustj J
-jl1, for i=1.
H/;Yb“‘“ {0, for i #1.

&)

Equation (2) is linear with respect to 8V; /&P, and 8V, /OP,.
Equation (3) is linear with respect to 8V; /8Q, and 9V, /0Q,.
According to the theorem in [33], (2) and (3) have a unique
solution for radial network.

Once 8V,/dP, , OV:/OP, , 8V,/dQ, and 8V,/0Q, are
obtained, the voltage magnitude and phase angle sensitivity
can be computed by,

v, 1 ov.\ 96, _ 1 vV,
oP, ViRe<i 8PZ>’ P, V21m< iaP,) @)
v, 1 av,\ 8o, 1 v,
9Q: mR‘*<iaQ,)’ 9Q. V7 m(“ aQ,) ©)

b. Sensitivity coefficients with respect to slack bus voltage
For a bus i€ N, the partial derivatives with respect to

voltage magnitude V, of a slack bus k€ S are derived by,

= mk Z ?bus,i] ‘7] + Yl Z ?bus‘i] ij (6)

jESUN jeEN

_ 50,
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where

— 3V, (1 9V, ae
We=g7 = (v + 37,V

Equation (6) is linear with respect to W, and W, and also
has a unique solution. By solving it, the sensitivity coefficients
with respect to the slack bus voltage magnitude at bus k are

calculated by,
v, Wi\ 00 Wi
av, — Ve ( ) av, ™ (V) @)

B. Active Power Losses Sensitivity

The power losses of the grid (cables and transformers) and
power losses of the converters (GSCs of WTGs and WFVSC)
are considered in the paper.
a. Power losses of grid

The partial derivatives of power losses with respect to
voltage magnitude and phase angle can be calculated by,



OPLOsS N
BCI;/-d ZV Gicos0;; (8a)
LOSS N
32% :221/iijﬁsin9ﬂ. (8b)
i j=1

where G; is the real part of Y,; and 8, =6, — 6.

Then, the sensitivity with respect to power output of WTGs
and terminal voltage of WFVSC can be calculated by combing
(4)-(8), which is as follows

OPina _ OPra OV | OPipa 08 )
oy OV 8y o0 Gy

where y represents the active/reactive power output of WTGs
and terminal voltage of WFVSC (the slack bus voltage).
b. Power losses of converters

The GSC of each WTG and HVDC converters are two-
level VSCs. The converter loss can be approximated by a
quadratic function depending on the converter current I (in

p.u.) [21],
2
Poon = <a+b<l§:") +c<—l§:‘“> )Scomv, (10)

/ p2 2
P Conv + QConv

Toone = T Ve (11

where I is the rated converter current, S, denotes the
nominal capacity. Poony » Qconv » and Vo, are the power
injections and terminal voltage. a, b, and ¢ are the converter
loss parameters which are presented in Appendix B.

According to (11), the converter loss is related to the power
injections and terminal voltage. Considering the terminal
voltage is always around 1.0 p.u during normal operation, its
impacts are neglected, and then the converter loss sensitivity
can be calculated by,

OPéow _ OPlom  Olcon
OPcony  Olcony  OPcon
R Veone V Péony + Qcony
(12)
OPcone _ OPcone  Olcon
OQcony  Olcony  OQcony
_ ( b 42 I 3-011\7) Seom - QZC()nv _
R Voony V' Peony + Qcony
13)

The total system power losses can be calculated by,
Ny

Pross = Pans + Pusvsc+ ) Pasc, (14)
i=1
C. Var Limit Sensitivity of WTGs

For a full-scale converter WTG, the Var capability limit
[vavma Q\Iz:}dx] depends on its active power output and terminal

voltage. In this paper, a look-up table of the P(Q capacity
curve is used and the sensitivity coefficients are approximately
calculated using the linear interpolation method [31].

IV. PREDICTIVE MODELING

In this section, the predictive models of WFVSC and
WTGs are presented which are used for the MPC.

A. Modeling of WTGs

For a full-scale converter WTG, the control of active and
reactive power is decoupled by the full-scale converter.
Suppose the active and reactive power references and current
measurements of the WTG are Psy , Qv , Pw(to) and Qw(%o)
where t, is the current time, APy = Pw — Pyw(t,) and
AQW = Qw — Qw(t,). Considering the effects of time delay
of the communication system and dynamic response of the
WTG control system, the dynamic behavior of the power
control loops of WTGs could be described by a first-order lag
function [13], [15],

1

APVV —_— AP‘rﬁe]f 15
14+ sT‘PN (15)

A QVV A Q \r)\e]f 1 6
1+ TW (16)

where TVPi, and TV% are the time constants, which are in the
range of 1~10 s [34]. Accordingly, the continuous state space
of a wind farm with Ny WTGs can be formulated as,

APy = AL APy + BEAPL
AQw =AY AQw + BY AQW,

(17)
(18)

where

APy, = [APWMAPWN""APWNW] T,

APy = (AP, APy~ AP

AQw = [AQw, AQw, . AQw, |
AQw = [AQw,aQx, a3, ",

A = ding (-1/1%, -1 /T8~ 1T ).
B, =diag(1/T%,, 1/T%,, 1T%, ),
A = diag(*l/T\?v,, ~1/T,, - UTVQVNW)’
B =diag(1/T%, 1/T%,,~, /TS, ).

B. Modeling of WFVSC

The structure of WFVSC station with a standard cascaded
control structure, i.e., inner current control loop and outer
control loop, is illustrated in Fig. 3. The control strategy of the
outer loop is the AC voltage magnitude control which is often
adopted in OWF integration. The phase reactor and converter
transformer are represented together by Z, = R. + jwL.. The



mathematical model of the system in the synchronized rotating
dq reference frame is,

-d
L. ”Z; =-R.il+wLid+u' —ul, (19a)
d’ch .q .d q q
L, gt =-R.i, +wlL i, +u, —u,, (19b)
dud 4 q
C; pn =iy —is + wCrug, (20a)
q
C d;; =9 — 8 — wCul (20b)
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Fig. 3. Cascaded control structure of WFVSC.

The whole system comprised of the physical model of VSC
and control system can be decoupled in the dq frame through

the decoupling terms (Au;i =wlL ), Aud=- wL.id for the
inner loop and Ail =wCud, Aid = - wCiul for the outer
loop). According to the control strategy, the disturbance in the

q-axis can be neglected, ie., Us=+/(us)’+ (ud)>~ug

[35]. And the control performance of the inner loop can be
improved by selecting suitable parameters of the PI controller,
which can be determined by,

Lc
o, -

_ R
k= T.. (21b)

where k; , and k; ; are the proportional and integral gains of
the PI controllers of the inner loop, respectively. T, is the
desired closed loop time constant for the inner current control
loop. Generally, T;, is chosen between 5~10 times slower
than the switching frequency. Considering the fast dynamic
response capability of the inner control loop, the disturbances
of il and ud are be approximately compensated by the
compensating terms. Thus, the WFVSC system model can be

simplified as shown in Fig. 4. The time delay can be modelled
by a first-order lag function with a time constant of T}, .
Physical Model

Inner Loop

Fig. 4. AC voltage control loop of the WFVSC.

Introducing a state variable Aiﬁl, the state space model of
WFVSC can be described by,

d_ref 1
AUS _ref

ref
TN AU, (22a)
a_ L .4
Aug = sCt Aipy, (22b)
d_ref d
Aul — u, (22¢)
Ait = — (ko Fer) (Aut - Aut), 224)
PI 1+ Sﬂnr o_p s s s )
with

AU, =U, —Uyty),
AU, =U,—Ut,),
AUSdiref — uSdiref o Usdfref(to) ,

Au =u) —ul(t),
d_ref d
Ayl =% —U
s
where U." and U, are the voltage reference from the MPC
controller and voltage of POC, respectively; U, is the voltage
at the VSC terminal; s denotes the complex variable; &,
and k, ; are the proportional and integral gains of the PI
controllers of the outer control loop, respectively.
Represent the state space by a matrix form,

Azq = AcAzc + BcAuc, (23)
where

Az = [Aul~"" Aud, Auge, Nigy | Aue = [AU],

1
T 0 0 0 1
1 T,
0 0 0 -
Ac - Cf 5 BC - 0
1 -1 0 0 0
- @ @ - @ __1 0
1-'inr Ti.nr I’mr ﬂnr .

C. Modeling of the Whole System

For the phasor analysis presented in following sections, the
VSC can be regarded as a slack bus of the offshore AC grid
(i.e. Ve =Vce'®) and Vg = Vs,ejgS denotes the voltage at the



controlled AC bus. Vg and V., are equal to U, and U, in per
unit, respectively. To predict the changes of voltages in the
grid, the slack bus voltage should be predicted firstly. Due to
the fast tracking capability of the control system of the VSC,
the d-axis voltage u.' can quickly track the reference Urt,
The controlled AC bus voltage Vs can be affected by the
converter terminal voltage Vi and the WTGs power outputs.
Assuming the sensitivity coefficients are constant during the
prediction horizon, a linearized model around the operating
point is used to predict the voltage changes, which is
expressed as,

Vs
aP W

Vs
6QV\7

where OVs /0Py , OVs/0Qw and 9V /OV, are the sensitivity
coefficients. Then, AV, can be inversely derived using (24).

Vs
Ve

AVg = APy + AQw + AVg, (24)

So far, the continuous state space model of the whole
system comprised of Ny, WTGs and a WFVSC can be
formulated as,

Az=AAx+ BAu

Ay=CAx (25)

where

T d f d d - PI
Az = [Axl,A:xQ,...,AxNT] = [Aus - Aug, Ay, Ay,

Axzg

T
APW17AIDW27 "'7AP\NNW7AQW17AQW27 seey AQWNW] )

APy

AQy

Au= [Aul,Auz, ...,AuNu] T

[AVE, APS L APY AQY, . AQN |
[

Ay = Ay],Ayz,...,AyNU]T
= [AVe, APy, APy, AQy o AQu, |
_AC BC
A= Ay . B= By ,
L AV BY
C C G
C= C, ,
L Cs
with
Vs !
01:7(8‘/2) [07717 09 0]904:05:INW9
o (24) [ 25, e . v
*= \ow) |0Pw, OPw, " 0Py,

v o v
aQVVl7 aQWz, ’ 8QWNW

_ (96"
G= <8VC>

Based on the continuous time model, the discrete time state
space model with sampling time ATy can be expressed as,

Az(k+1) =GAz(k) + HAu(k)

Ay (k) =C Az (k) (26)

where
AT,

G=e""" H/ e* Bdr.
0

V. FORMULATION OF MPC BASED ENHANCED VOLTAGE
CONTROL

In this section, the mathematical formulation of the MPC
based EVCS for OWFs is presented. The main objective of the
EVCS is to track the power reference given by TSOs and
maintain the terminal voltages all WTGs within the specified
limits. Moreover, the economical operation is taken into
consideration. Consequently, two control modes are designed
for different operating conditions.

A. MPC Principle

MPC is a widely used control method. In MPC, the control
input is obtained by solving a discrete-time optimal control
problem over a given horizon. An optimal control input
sequence is produced and only the first control in the sequence
is applied [32].

The principle of MPC used in this paper is graphically
illustrated in Fig. 5. For wind farm voltage control, T is
normally in seconds, which is large than the fast Var devices.
To capture the fast dynamics of the system, the sampling time
ATy should be smaller than the control period T . The
suitable prediction horizon T} is determined by the dynamic
performance of the control system. The performance of MPC
heavily depends on the selection of Ty . If T% is too large, the
accuracy of sensitivity coefficients might decrease and the
computational burdens will be increased. If Tp is too small,
dynamics cannot be well coordinated [13].

For a prediction horizon, the total control steps, number of
prediction steps within one control period and total prediction
steps are Noe=Tv/Tc , Ns=T./ATy and Np =Ty /ATs ,
respectively. The control actions are only changed at the
beginning of the control period and maintained within the
control period.
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Fig. 5 Principle of MPC.

B. Cost Function

The cost functions of the two control modes are presented
as follows.

a. Normal mode

If the terminal voltages of all WTGs and MV bus voltages
are within its feasible range, i.e., — Vil <vV® and
HVMV — VKZ{; H < Vﬁfv, the control system will operate in the
normal mode. Vi and Viy are the nominal voltage
(typically 1.0 p.u.). Vv and Vi refer to the threshold value.
The voltages, power losses and active power distribution are
optimized in this mode.

1) Objective 1: The first objective is voltage regulation.
According to the theorem in [36], the OWF presented in Fig. 1
can be divided into several subzones for voltage regulation.
Two radial feeders with a common root MV bus can be
regarded as an isolate voltage regulation zone. The MV root
buses (MV_1~MV _4 in Fig. 1) can be considered as the pilot
buses of the subzones. Since the voltage of pilot bus can
reflect the voltage conditions of the subzone, in the normal
mode, the cost function of voltage regulation in MPC can be
described by,

Objy = ZHA k) |2 27)

with
pre pre pre pre T
AVyy = [AVMV7AVMV27 . AVMV\, \] s
where AVyy, is the predictive value of voltage deviation of
bus MV _ i to its reference value Vix and Ny is the total
number of MV buses. Since the WTGs and VSC can affect
pre

voltage deviations of MV buses, the predictive value AVyy,
can be calculated by,

AV, (k) = Vv, (to) T P - APw(k)
Wi, 8 ref
+ o AQu(R) (k) Vi (28)

where VMV,(to) is the measurement of i-th MV bus voltage at
current time %, .

2) Objective 2: Secondly, the active power losses are
optimized in this mode, i.c.,

NP
Obj= Y | Piass(k) | . (29)
k=1

The predictive value of active power losses can be calculated
by,

Pl (k) =TT AP () + S AQu(H)
0Qw
8PLOSS pre
+ AVC(k) + PLOSS(tO)y (30)
Ve
where V= [V,,V,...,Vy1" , 6=1[6,,0,,...,64]" and the

sensitivity matrix is presented in Appendix B.

3) Objective 3: Thirdly, considering the active power
dispatch based on the PD strategy has the advantage of taking
into consideration the maximum available power of WTGs
while also optimizing the Var capacity of each WTG, the
active power of each WTG shall be dispatched as close as
possible to its PD based reference. Thus, the third cost
function can be described by,

Objp = ZHAP Ol G1)

The predictive value AP\%D can be calculated by

AP (k) = Py(to) + APy (k) — P, (32)
Where P\I;/D ref [P\l;’V]I:) ref P\l;]? ref .’P\l;\’]];)’_rref] .

According to (27), (29) and (31), the cost function of
normal mode can be expressed by,

min (AyObjy + A Objy, + ApObjp), (33)

where Ay, A, and A\p are the weighting coefficients for Objv,
Obj, and Objp, respectively.
b. Corrective mode

The corrective mode is designed as a back-up mode. If any
voltage violates the threshold, the control system will switch
to the corrective mode. In this mode, only the voltages are
considered as control objective. Define AVy" = [AVES,
AV, AV, ] the cost function is,

min Z(HA B0 |+ IAVER B[ 2

where )\W = dlag ()\Wl, )\Wz, o )\WNW) and )\MV - dlag ()\MVI ,
denote the weighting coefficient matrixes.

(34

AMVZa )\Mv\,]\
The predictive voltage deviations to its reference V. can be

calculated by,

AVE(R) = Vi (8) + SEAPW(E)
+ ggw AQuw(k) + OV, AVc(k) vVl (35)

In order to correct the voltages efficiently, the weighting
coefficients are determined through a dynamic allocation
approach according to the degree of voltage deviations with a



deadband, as illustrated in Fig. 6. When the absolute value of
voltage deviation is less than 0.01 p.u., the weighting factor is
set as zero. Once it exceeds 0.01 p.u., the weighting factor is
linear with respect to the voltage deviation value. Compared
with the normal mode, the WTGs and WFVSC can be fully

optimized to contribute to voltage regulation in this mode.
A

Deadband
\ 1
Protection Protection
Zone Zone
-0.1 -0.01 0.01 0.1 AVV

Fig. 6 Dynamic weighting coefficients.
C. Constraints

1) WTG Constraints: The active and reactive power of
WTGs are constrained as follows,

0< Py (k) <Py,

QW (k) < Qw(k) < QW™ (k),

i=1,2, Ny, k=1,2, -, Np. (36)

where P{?va is the available wind power, vaf}i"(k) and Qw (k)
are the minimum and maximum Var capacity of WTGs,
respectively. Qvlnvfn(k) and Qw (k) are affected by the
terminal voltage magnitude and active power output of the
WTG, which can be predicted based on a linearized method,

Q%" o
op APw (k) +

min

Qw
aVW AVW1 (k) )

Qw." (k) ~ Q" (t) +
(37a)

9 AVi (B),

Qi () ~ Qi (t) + Gm— AP (K) +
(37b)

003"
Wy

where

AV (k) = %APW + %AQW +
As mentioned in Section III, the sensitivity coefficients
8@3\711/81/\7\7 5 8Q\I;[\;m/apw 5 avax;ax/avw and 8er3ax/3pw
are calculated based on the linear interpolation approach.
2) VSC Constraints: Since the AC voltage control is
adopted by the local controller of WFVSC, the voltage
reference at the controlled AC bus is constrained by,

8 V\M
Ve

AVg

< AV‘éﬂﬂX ,
(3%)

VS S AVST(R) +Vi(to) <V, Vs
k:17 27 “.7NC

where V&™ and V™ are the minimum and maximum limits
of Vg, respectively and AVg™ is the maximum ramp rate.

3) System Constraints: The OWF is required to track the
power reference Py from system operators, which can be
expressed as,

Ny
> P =Pk (39)
i=1

The formulated MPC problem (27) ~ (39) can be
transformed into a standard quadratic-programming (QP)
problem and efficiently solved by commercial QP solvers in
milliseconds [37]. More details about the derivations of the
mathematical formulation of EVCS-MPC are presented in
Appendix A.

VI. CASE STUDY

A VSC-HVDC connected OWF system with 64 WTGs is
used to demonstrate the proposed MPC based EVCS in this
section. The structure of the system is presented in Section II.
The wind field model considering the turbulences and wake
effects for the OWF is generated using the SimWindFarm, a
toolbox for dynamic wind farm modeling and simulation [38].
The basic electrical and control system parameters are
presented in Appendix B.

To examine the control performance of the MPC-EVCS,
several control methods are used to make comparisons: 1)
optimal control (OPC) [16]; and 2) the voltage control method
based on MPC without considering the effects of active power
of WTGs in the optimization (MPC-Q).

A. Scenario A: Normal Operation

The total simulation time for this scenario is 600s. Fig. 7
shows the available power and active power reference
considering the power ramp rate of the wind farm.

§360'
S

300 400 500 600
Time (s)

0 100 200

| Balance Control |

Fig. 7. Active power output of the OWF for Scenario A.

Fig. 8 shows the voltage of bus MV _1 and terminal voltage
of WTG_64 (the furthest bus along the feeder). All the three
OWEF controllers can keep the voltages below their thresholds,
and the control systems operate in normal mode. The standard
deviations o (Vyry,) are 0.8512% for OPC, 0.8387% for MPC-
Q and 0.8367% for MPC-EVCS. Vyy,, is closer to the nominal
value using MPC-Q or MPC-EVCS than using OPC and is
smoother using MPC-EVCS than using MPC-Q owing to the
consideration of effects of active power of WTGs on voltage
deviations. Thus, the MPC-EVCS shows better performance
for voltage regulation.



B. Scenario B: Voltage Ramp-up Operation

The voltage ramp-up operation of VSC-HVDC connected
OWFs is considered for this scenario. In this scenario, the
WEFVSC builds up the voltage at the beginning. When the
terminal voltages of WTGs reach 0.9 p.u., WTGs are
connected to the grid and the controller switches to
coordinated control strategy (i.e., the OPC, MPC-Q or MPC-
EVCS). The total simulation time is 50s. The simulation
results are shown in Figs. 11~ 13.
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Fig. 8. Voltages of different buses. (a) Voltage of bus MV_1; (b) terminal
voltage of WTG_64.

Fig. 9 shows the power losses of the system. The mean
values of power losses within the operating time are 19.5154
MW for OPC, 19.3312 MW for MPC-Q and 19.2187 MW for
MPC-EVCS, respectively. It can be seen that the MPC-EVCS
shows better performance in power losses reduction.

The reactive power output of WTG 1 is illustrated in Fig.
10. The MPC-Q and MPC-EVCS can both regulate the
reactive power of WTGs within small ranges, which enlarges
the Var reserves. Compared with the MPC-Q, the MPC-EVCS
regulates the reactive power outputs of WTGs more smoothly.

Accordingly, all the three controllers show good control
performance in normal operation, whereas comparably, the
MPC-EVCS is better than the OPC and MPC-Q.
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Fig. 10. Reactive power of WTG_1.
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Fig. 13. Voltages of different buses. (a) Voltage of bus MV_1; (b) terminal
voltage of WTG_64.

As can be seen from Fig. 11, all the three control methods
switch from the VSC control mode to the corrective mode at
t=18s . For the MPC-Q and MPC-EVCS, the controllers
switch to the normal mode at t =20s and keep stable in the



remaining period. For the OPC, the controller switches
between the corrective mode and normal mode for several
times during ¢ =18~ 30s and keeps stable after ¢t =30s. Fig.
12 shows the reactive power of WTG_64. As can be seen, the
WTG generates additional reactive power to support the low

voltages of the grid at the beginning of the coordinated control.

Fig. 13 shows the voltage of bus MV _1 and terminal voltage
of WTG_64. It is shown that the three controllers can well
regulate the voltages within feasible ranges in seconds. By
comparison, the MPC-Q and MPC-EVCS shows better control
performance than the OPC, since the voltages recover within
the feasible ranges more quickly for the MPC-Q and MPC-
EVCS than the OPC.

C. MPC Solver Performance

The time consumed by the solver in MPC should be
considered in real-time control. In this study, the QP problem
was solved using the interior-point method. The estimated
available time to execute the control algorithm can be
calculated by Tc — 27, = 800ms. The actual mean executing
time consumed by the solver in Scenario A is 12.7 ms.
Obviously, the actual executing time is much smaller than the
available time, satisfying the requirements for real-life
application.

VII. CONCLUSIONS

In this paper, a MPC based EVCS is developed to optimize
voltage control within VSC-HVDC connected OWFs, which
can regulate the voltages while taking into account economical
operation of the OWFs. The predictive model of WFVSC with
a typical cascaded control structure is derived in details. An
analytical sensitivity coefficient calculation method is adopted
to improve computational efficiency. In the MPC-EVCS, two
control modes are designed for different operating conditions.
The case studies show that all the three different optimization
control methods OPC, MPC-Q and MPC-EVCS show good
control performance in different scenarios. In comparison, the
overall performance of the MPC-EVCS is better than the
MPC-Q and OPC. Of course, more work is required for
further improvement. A nonlinear model of the system will be
investigated to more accurately capture the complex dynamics
of the systems and improve the control performance in the
future work.

APPENDIX A
MATHEMATICAL FORMULATION OF MPC

To derive the mathematical formulation of the optimization
problem in the MPC-EVCS, firstly transform the state
variables, control variables and output variables into unified
forms:

AU = [Au(1),Au(2),....,Au(N)]7,
AX = [Az(1),Az(2),...,Az(N:)] ",

AY = [Ay(1), Ay(2),...,Ay(Np)]". (40)
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For the sake of clarity, the derivations are divided into four
steps as follows.

Step I: Represent AX and AY by AU.
According to (26), it can be obtained that

AX =Wy AU (41)
AY =Wy AX (42)
where
Wi, Wi
W= T W W, = Wy ,
Wyt Whea o Wagn, W;V%
C
Wyx=1Iy QC= ¢ .
. c

The elements of the matrix Wy, are calculated using the

following recursive method:
For W, (i>7):

WE=G*W.=, . k=1,2,..,Ns. (43a)
For W, (i=j):
Wi=(I+G+G*+++G" ")H, k=1,2,...,Ns.(43b)

Step 11: Represent the predictive values by AU .

Based on (29), AVyy can be transformed into a compact
form

AV = (I, ® Suy ) AY +1y, @ (Van(to) — Viiv ), (44)

where
[ Vi,  OVa, W, |
Oy 0y, Oyn,
My, Viny, MW,
Svv = oy, 0y, ayNy ,
6I/MV,\,MV 6VMVNMV aI/YMVNMV
. On 0y, Oyn, |

which can be directly obtained using (4)~(7).
Similarly, according to (36), AV~ can be written as

AVE® = (Iy, ® Swr) AY 1, @ (Viu(ts) — V') (45)

where



[ OV, OV, W, |
Oy, 0y, ayzvy
OV, OV, Vi,
Swr=| O 0y, Oyn,
3VWNW 3VWNW anNW
. On Oy Oyn, |

Similarly, Swr can be directly calculated using (4) -(7).
According to (31), Plogs can be represented by,

PIlj(r;ss = (INP ® SPL) AY + 1NP bxY PLOSS(tO) (46)
where
S, = OPLoss OPross oP, LOSS:|
PL — 5 . .
% 8y2 8yNy

The calculation of Sy, is presented as follows.
From (14), one can obtain,

N\V
APross = AP&s + APgvec + A(Z PéSS?) . (47)
i=1

where
LOSS LOSS LOSS
AP(&S?S — 8g;rid APW + aapénd AQW + 823“1 AVC,
W
8 P LOSS 8 P LSSS
AP \I)Q%SVSSC a PWFV;: AP WFVSC + ﬁAQWFVSC
WEV, WFVSC
8 P LOSS a P LOSS
~ % (171:[“' APW) + QWFVSC (le AQW)
WEVSC
Ny LOSS LOSS
5 oP OP,
A PLOSS — GSC AP GSC A
(ZZ; s OP, GSC wt 0 QGSC QW ’
Then, Sp;, can be represented as,
g —|OPcar OPéur , OPwrvsc v, OPcsc
L aI/’C ’ 8P W BP WEFVSC N aP GSC ’
OPLE" | OPWNe ;r , 0QKT] Lo
6QW aQWFVS(‘ M aQGSO

According to (32), APy can be represented by,

AP = (Iy, ® Sap) AY +1y, @ (Py(ts) — Py—"") (49)
where
0[1 0 - 0 0
Sw=| o0 Lo o0
000 0 1000 0

0
= I:ONW><1 INVV ONWXNVV]
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Then, substituting (41)-(42) into (44)- (46) and (49), the
predictive values can be explicitly represented by AU,

AV = My AU + Eyy, (50a)
AVES = My AU + Eywr, (50b)
Pross = Mp AU + Epr,, (50c)
APy = Myp AU + Exp, (50d)

where

My = I, @ Syw Wex Wi, Bay =1y, ® (Varw(to) — Viaiv ),
My = Iy, ® Swr Wyx Wiy, Ewr =1y, @ (Viu(to) — V&),
My, = INP ® SpLWyxWxy, Epr, = 1y, ® PLoss(tO) >

Map= I, ® SapWox Wiy, Ear =1y, @ (Pw(ts) — Py "),

Step 111: Represent the constraints by AU .
The constraints (36) and (37) can be written compactly as,

0< (INP ® Sap) AY +1y ® Py(t,) <1y, @ Py, (51a)

QW™ < (Iy, ® Sup) AY + 1y, ® Qulto) <QW™.  (51b)
where
0/0 0« 0[1 0 - 0
Sw=| 00 0T
010 0~ 0001
= [ONle UNRY INW]
Qu = Iy @ (SbuimSar + SoyinSary ) AY + 1y, ® Qi (#,)

QW = Iy, ® (SomaxSap + SomaxSuv ) AY + 1y, ® Q™ (o)
with

ST _ diag| 200 0QRT  OQW
Qmin B PVV ) ) PVV gy o PWNW 5
55 — ding| O O OQW,
@ min g 8VWI 9 aVWZ IS 3VWNW s
0" ging| OQR" 0QU 0Qw,.
Qmax ~ g (9PW‘ 3 6PVVZ geeey 6PWNW N
O dine| 290 OQN 0Qw,.
Qmax g aVWl ) aVWZ 3y aVWNW .

Then, substituting (41) -(42) into (51), (51) can be arranged to
AU < Fpo AU < AUR™,
AUS™ € Fouin AU, Foorux AU < AUS™,

(52a)

(52b)
with



Fp= (INP ® SAP)WYXWXU,
AU;M = *lzvp ® Pw(to),
AU}Ta‘X :lNP & P{;\‘; 71NP & Pw(t()),

F, Qmin — (I Np ® SRP) WyxWxo
- INF ® (S({;rninSAP + Sg)/minSWT)WYXWXU,

FQmax = (INP & SR.P) Wyx Wiy
- INF ® (ngaxSAP + S(‘Q/maxSWT)WYXWXUa

AUénm = le ® Q\I;vun (to) - 1NP ® Qw(to) >

AUZQMX = 1NP ® vasax(to) - 1NP by Qw(to) .
The constraints (38) can be written compactly as,

Ly, ®VE" < (In, @ Svo) AU + 1y, @ Vis(ty) <1y, QVE™,
(53a)
“1y, ® AVE™ < (Iy, ® Syy) AU <1y, Q@ AVE™, (53b)

where Svy=(1,0,0,...,0].
T
Similarly, (53) canube simplified to
AUP™ < F, AU < AUP™,
AURY < Fay AU < AURY,

(54a)
(54b)

where
Fy=Fy = IN(, ® SVUa

AU =1y, QVE" — 1y, ® Vi(ty),
AUT™ =1y, @ VE™ — 1y, @ Vi(ty),
AURY =~ 1y, ® AVE™,

AURE =1y @ AVE™.

According to (40), the constraint of active power output
of the wind farm can be compactly represented as,

Fp AU = AUg (55)
where
01 1 1 0 0
Fr=1y ® ! . 0 0
0/1 1 110 0 = 0

= 1Nc ® I:ONWXl IEVV ® 1NW ONVVXNVV]
AUy =1y, ® (Pyi — 1y, Pu(ts))

Step 1V: Mathematical model of MPC
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The MPC can be formulated as optimization problems
which are as follows:

1) For normal mode, (33) can be rewritten as an explicit
form of AU :

min J = | My AU + Eyy| 3,
AU

+ | Mp, AU + Epp || 3, + | Map AU + Eop|l 5,
subject to

(52a),(52b),(54a),(54b),(55) (56)

where AV - )\VINMVNP 5 AL = ALINP 5 AP = )\PINWNP .
2) For corrective mode, (34) can be rewritten as an explicit
form of AU :

min J = || Mwr AU + Ewrl 4, + || My AU + Byl 2,
AU

subject to
(52a),(52b),(54a),(54b),(55)
(57)
where Aw - )‘W INP , AMV = )\MVINP .

As such, the mathematical models of MPC are obtained.
Obviously, they can be converted into standard QP problems
and can be efficiently solved by the QP solvers.

APPENDIX B
SYSTEM PARAMETERS
The basic electrical and control system parameters are
listed in Tables I~ III.

TABLE I
ELECTRICAL SYSTEM PARAMETERS

33kV Cable R=0.0975 Q/km, L=0.38 mH/km, C=0.24 pF/km
150kV Cable R=0.0326 Q/km, L=0.42 mH/km, C=0.15 pF/km
0.9/33kV Transformer S, =6.25MVA , R=0.008 p.u., X=0.06 p.u.

33/150kV Transformer
150/170kV Transformer

S, =100 MVA , R=0.005 p.u., X=0.12 p.u.
S, =400MVA , R=0.006 p.u., X=0.14 p.u.

HVDC Converter S, =400 MVA
GSC S, = 6.25MVA
Re+jXe. 0.0178 + j 0.196 p.u.
C; 10pF
TABLEII

TYPICAL CONVERTER LOSS PARAMETERS [21]

System a b c
GSC 0.0005  0.0097  0.0048
HVDC Converter  0.0083  0.0030  0.0032
TABLE III

CONTROL SYSTEM PARAMETERS

T I's A 0.8
T 5s AL 0.1
T, 100 ms Ae 0.1/64
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T 5 ms Vi 0.05 p.u.
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