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Coordinated Voltage Control of a Wind Farm based
on Model Predictive Control

Haoran Zhao, Qiuwei Wu, Qinglai Guo, Hongbin Sun, Shaojun Huang and Yusheng Xue

Abstract—This paper presents an autonomous wind farm
voltage controller based on Model Predictive Control (MPC).
The reactive power compensation and voltage regulation devices
of the wind farm include Static Var Compensators (SVCs),
Static Var Generators (SVGs), Wind Turbine Generators (WTGs)
and On-Load Tap Changing (OLTC) Transformer, and they
are coordinated to keep the voltages of all the buses within
the feasible range. Moreover, the reactive power distribution
is optimized throughout the wind farm in order to maximize
the dynamic reactive power reserve. The sensitivity coefficients
are calculated based on an analytical method to improve the
computation efficiency and overcome the convergence problem.
Two control modes are designed for both voltage violated and
normal operation conditions. A wind farm with 20 wind turbines
was used to conduct case studies to verify the proposed coordi-
nated voltage control scheme under both normal and disturbance
conditions.

Index Terms—Dynamic reactive power reserve, model predic-
tive control, sensitivity coefficient, wind farm, voltage control.

NOMENCLATURE
A. Parameters
1) Wind farm network

Ny Number of buses in wind farm.

Yius Admittance matrix of wind farm.

2) WIGs

Nw Number of WTGs.

Ty Time constant of WTGs.
\ITX/YIH’Q{)H\I&X

Min. and max. Var capacities of WTGs.
3) SVCs/SVGs
Ng Number of SVCs/SVGs.

Ts Time constant of SVCs/SVGs.
Kp,K7 Proportional and Integral gains of PI controller of
SVCs/SVGs.
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QI’SIIIII’QISHH.X
Min. and max. Var capacities of SVCs/SVGs.
4) OLTC
AViap  Voltage change per tap.
Vb Dead-band of OLTC controller.
Tqelay Delay time of OLTC.
5) WFVC
VB ViR Vit
Voltage references at POC, MV and WTG buses.
Vibo R W
Thresholds of Vpoa, Vmyv and Viy.
Wpoc, Wy, Ww
Weighting factors of voltage deviations at POC,
MV and WTG buses.
S Weighting factor of Var deviation of SVCs/SVGs.

S

AT,  Prediction period of WFVC.
AT, Control period of WFVC.
T, Prediction horizon of WFVC.
N, Prediction steps of WFVC.
N, Control steps of WFVC.

B. Sets
N Set of buses in wind farm.

C. Variables

S,E Power and its conjugate in complex form.
v,V Voltage and its conjugate in complex form.
0 Phase angle of voltage.

Veoc,Vmv.Viy
Voltages at POC, MV and WTG buses.
Voltage changes at POC, MV and WTG buses.
Py Active power of WTGs.
Qw Reactive power of WTGs.
%f References of reactive power of WTGs.
AQf  References of reactive power change of WTGs.
Vs Voltage at the bus controlled by SVCs/SVGs.
VSrEf Reference of voltage at the bus controlled by
SVCs/SVGs.

AVSrEf Reference of voltage change at the bus controlled
by SVCs/SVGs.
AViye  Integral of the deviation between VSref and Vs.

Qs Reactive power of SVCs/SVGs.
ref Reference reactive power of SVCs/SVGs.
AQgef Reference of reactive power change of SVCs/
SVGs.
Ntap Tap position of OLTC.



Liri Trigger time of OLTC.
Action time of OLTC.

tact

I. INTRODUCTION

HE increasing penetration of wind power and growing

size of the wind farm have big impacts on the sys-
tem operation and introduce technical challenges to voltage
stability [1]. Since large wind farms are mainly located in
areas far from load centers, the Short Circuit Ratio (SCR) is
small [2], and the grid at the connection point is weak. The
voltage fluctuation caused by the intermittent power of the
wind farms is quite large. Moreover, the grid disturbance may
cause cascading trip of Wind Turbine Generators (WTGs).
Therefore, modern wind farms are required to meet more
stringent technical requirements of voltage support specified
by system operators. The requirements include reactive power
capability of the wind farm and voltage operating range at the
Point of Connection (POC) [3].

In order to fulfill these requirements, wind farms have a
variety of reactive power (Var) or voltage (Volt) regulation
devices: Static Var Compensators (SVCs), Static Var Gener-
ators (SVGs), On Load Tap Changing (OLTC) Transformer,
etc. Besides, with the development of power electronics and
control technologies, modern WTGs equipped with power
electronic converters (Type 3 and Type 4) can control the
reactive power, and participate in the voltage control [4].

Several modes to control the reactive power of a wind farm
have been specified by many grid codes which are defined
by transmission system operators for wind power integration,
including power factor control, reactive power control and
voltage control [5]. For the transmission system, the voltage
control mode shows superior performance. This paper focuses
on the wind farm control under this mode, i.e. the wind
farm controls the voltage at the POC specified by the system
operator.

Compared with the voltage control of a conventional power
plant, two issues shall be addressed for the wind farm voltage
control. The first issue is related to the collector system of
the wind farm. This collector system connects a large number
of WTGs by several Medium Voltage (MV) feeders. These
feeders are quite long and their X/ R ratio is low (X/R < 1).
Therefore, the voltage change along the feeder should not be
neglected. The voltages of WTGs at the end of the feeders
may be close to their limits and the WTGs have a risk of being
tripped. The second issue is related to the coordination among
different voltage regulation devices. The dynamic response
of these devices are different. For SVCs/SVGs, the response
is quite fast, whose time constant is within milliseconds
(50 ~ 200ms for SVCs and 20 ~ 100ms for SVGs) [6].
For WTGs, the response time is in the range of 1 ~ 10s [7].
For the OLTC, the time required to move from one tap position
to another largely depends on the tap changer design, which
may vary from a few seconds to several minutes [8]. Without
proper coordination among these devices, conflicts may occur
between the control performances and objectives.

Several control strategies have been designed for the Wind
Farm Voltage Controller (WFVC). In [9]-[11], the total re-
quired reactive power reference is calculated according to the

voltage at the POC and then dispatched to all WTGs based on
proportional distribution of the maximum or available reactive
power. This method is easy to be implemented. However,
the voltages of WTG buses are not taken into account. In
[12], the reactive power is optimally distributed. The detailed
model of the wind farm collector system is used to calculate
the sensitivity coefficients. However, this optimal control is
only based on the current status. The fast and slow devices
in a longer period are not coordinated. Besides, the discrete
variables, such as OLTC tap position, is not considered.

Recently, Model Predictive Control (MPC) has attracted
more and more attention. It uses the receding horizon prin-
ciple, such that a finite-horizon optimal control problem is
solved over a fixed interval of time. It is suitable for the
coordinated control among various Var devices in the wind
farm.

The main contribution of this paper is the MPC based
WEFVC design, which aims to maintain all the bus voltages
within their feasible range and maximize the fast dynamic Var
reserve. The calculation of the sensitivity coefficients is based
on an analytical method to improve the computation efficiency
and overcome the possible convergence problem. Moreover,
the OLTC is incorporated into the MPC without changing the
control structure.

The paper is organized as follows. Section II presents the
concept of the proposed WFVC. The sensitivity coefficient
calculation is introduced in Sections III. The discrete modeling
of the Var/Volt devices are described in Section IV and Section
V. Section VI explains the formulation of the MPC problem.
Case studies are presented and discussed in Section VII,
followed by conclusions.

II. MPC BASED WFVC

The configuration of a wind farm and the structure of the
proposed MPC based WFVC are illustrated in Fig. 1 and Fig.
2, respectively. The buses within the wind farm include a bus
at the POC (corresponding to the High Voltage (HV) side of
the main substation transformer), a bus at the MV side of the
main substation transformer and buses of WTGs.
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Fig. 1. Configuration of a wind farm.

The MPC controller of the WFVC has two control modes
according to different operating conditions: (1) corrective
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Fig. 2. Voltage control structure of a wind farm.

control mode, it can be considered as emergency control which
aims to correct any bus voltage of the wind farm violating the
limits; (2) preventive control mode, which aims to maximize
the fast Var reserve to handle the potential disturbance in the
future, and further minimize the voltage deviation at the POC
Vpoc from its reference value VF’E‘E-)fC from the system operator.
More details of these two control modes are described in
Section VI. The MPC controller determines the regulation
commands for all WTGs (Q%f) and SVCs/SVGs (VZeh).

The modern WTGs are able to track the Var set point Q%cf
by upgrading the converters constant-) control loop. Due to
the large number, the contribution of WTGs to the voltage
control is considerable. Besides, the WTGs are distributed
along the feeders and it is possible to control the voltages
of different buses all over the wind farm.

The SVCs/SVGs can operate under either constant-V' mode
or constant-¢) mode. It is easier to be coordinated with the
WTGs by adopting the constant-(Q mode. However, if the
voltage at the SVC’s controlled bus violates the limits, the
SVCs/SVGs can not provide dynamic Var support to regulate
the voltage of the controlled bus (POC in this study) in time.
In [12], a control algorithm combining the constant-V and
constant-) was developed. The control mode of SVCs/SVGs
switches according to the voltage of the controlled bus. In
order to reduce the control complexity, the constant-1/ mode
is adopted in this study. Based on the prediction model and
VSrEf, the equivalent Var reference of SVCs/SVGs, Qgef, can
be calculated and coordinated with the WTGs.

The OLTC refers to the HV/MV transformer located at the
main substation of the wind farm. Since the sampling period
of the WFVC is normally in seconds, in order to detect the
voltage violation between two sequential control actions, the
automatic tap controller of the OLTC is included in this study.
As shown in Fig. 2, the MPC controller doesn’t control the
tap changer directly. The relevant information, such as trigger
time and tap position, will be sent to the MPC controller.
More details of the implementation of the OLTC in the MPC
is described in Section V.

Due to the low X /R ratio of the collector system, the impact
of the active power change APy on the voltage variation
can not be neglected. Py is considered as a measurable
disturbance and the prediction horizon of the MPC is based
on the power forecast. Due to the large rotor inertia constant

(3 ~ 5s), the modern WTGs act as a low pass filter and
smooth the output power to some extent [13]. In this study,
the persistence assumption is applied for the short-period
prediction. Thus, the Var outputs (Qw, (s) and the tap change
of OLTC (n4ap) play the major role in the voltage change. The
corresponding sensitivity coefficients shall be calculated and
sent to the MPC controller. Since the sensitivity coefficients
vary with the operating points, these values shall be updated
for each control step.

III. SENSITIVITY COEFFICIENT CALCULATION

The conventional calculation method of the sensitivity coef-
ficients is through an updated Jacobian matrix derived from the
load flow. However, the main disadvantage of such a method
is that, the Jacobian matrix needs to be rebuilt and inversed
for every change of the operation conditions in the network.
This procedure creates non-trivial computation constraints for
the implementation of real-time centralized or decentralized
controllers. Besides, the Jacobian-based method uses Newton-
Raphson (NR) method for the load-flow solution. However,
the low X/R ratio of the wind farm network makes the NR
method sometimes fail to converge in solving the load-flow
problem [14], [15].

In order to improve the computation efficiency, an analytical
computation method for calculating the sensitivity coefficients
was developed in [16]. It was initially applied in the radial
distribution system. Since the collector system of the wind
farm has a similar network topology, this method is adopted
in this paper.

A. Sensitivity coefficient to reactive power

Consider a wind farm with Ng buses, define A as the set
of all buses N = {1,2,--- Ng}. It is assumed that the PQ
injections at each bus are constant and their dependences on
the voltage are ignored [16]. For each separate perturbation
of nodal power injections, the power set points of WTGs or
SVCs/SVGs at other buses don’t change.

The relation between the power injection .S and voltage V'
(both in complex form) is

Si=Vi > (Yous(i,5)V;), (1)
JEN
where ¢ and j are the bus indexes, Yi,s is the admittance
matrix, S and V are the conjugates of S and V, respectively.
The partial derivatives of the voltage at Bus ¢ € A with
respect to reactive power Q; at Bus [ € N satisfy the following
equations,

0S; 0P, —jQ:} OV o
= = Yus ) Vi+ 2
0~ og ag 2 eVt @
JEN
== .. an B —jl, ifi =1.
Vi Z Ybus(zaj)TQl = { 0, else.
JEN

Equations (2) is linear to the unknown variables 353 s gg.

According to the theorem in [16], (2) has a unique solution
for radial electrical networks.
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B. Sensitivity coefficient to tap position

The analytical expressions of the voltage sensitivity co-
efficients with respect to tap positions of a transformer is
introduced in this subsection. The power injections at the
buses are assumed to be constant and their dependences on
the voltage are ignored.

Define V; = [Vj|el?t for all buses I. 6 is the phase angle
of the voltage. The tap changer is located at Bus k. For a
bus i € N, the partial derivatives with respect to the voltage
magnitude |Vj| of the Bus k are

~ViYous (i, k)1 =Wi >~ (Yous (4, 4)V;)+

JEN
Vi Y Vius(i, ) Wik, )
JjEN
where
Vi 1 9|V
Wi, = = Vi,i € N.
S TARZETA aw’

The derived (4) is linear with respect to W, and Wip.
Similarly, (4) has a unique solution for a radial electrical
network. Once W;; and W;; are obtained, the sensitivity
coefficients with respect to the tap position of the transformer
at Bus £ are given by,

Vil Wik
— VIR
o~ IViRe(

As the tap position of the transformers 7, is an integer,

)- &)

the sensitivity coefficients to each tap change T‘Xl can be
calculated by,
AlVi| _ olVil
= AViap, 6
Angy OV~ ™ ©

where AV, is the voltage change per tap.

IV. DISCRETE MODELING OF VAR DEVICES

In this section, the discrete model of WTGs and SVCs/SVGs
is described. It will be used as the prediction model for the
MPC.

A. WTG modeling

As described in Section II, the Var reference for WTGs is

ref. Suppose the current time is to, Qi = Qw (to) +AQLL,
where Qs(to) is the current Var measurement The dynamic
behaviour of the constant-() control loop of WTGs can be
described by a first order function,

AQw = AQref (7)

1+

where Tyy is the time constant and s is the complex variable.
The corresponding state space model is,

AQw = _7AQW + 7AQref ¥

The Var capabilities of modern WTGs (Type 3 and Type 4)
Qw are constrained by the operating limits of the converters
[17]. For the full-converter WTGs (Type 4), the range of Var
capability is larger because of the increased rating of the
converter. The Var capability is dependent on the terminal
voltage and active power Pyw. A typical PQ curve of a full-
converter WTG is illustrated in Fig. 3. Since Py is assumed
to be constant during the prediction horizon, the constraint of
AQw can be determined according to Qw(to) and its PQ
curve,

QW™ < AQw + Qw(to) < QW™. )

where Qmm and Q™™ are the minimum and maximum Var
capacity of WTG, respectively.

0.4 e et e e e e
02
2
e 9 — Vi = 0.90 p.u.
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0’70.2 ---Viy = 1.05 p.u.
—0.4
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Py (p.u.)
Fig. 3. PQ curve of a full-converter WTG.

B. SVC/SVG modeling

The voltage reference for SVCs/SVGs is V]ref derived from
the MPC controller. This reference value is then sent to the
local PI controller and the equivalent Var reference Q5" can
be calculated by Qi = Qs (to) + AQLE, where

AQE" = Kp(V3* — V) + Kr(vref

Vs), (10)

where Kp and K7 are the proportional and integral gains of
the PI controller, respectively.

The voltage at the controlled bus (POC) Vg is related to
Qs and Qw. The sensitivity value is assumed to be constant
during the prediction horizon, and

9|Vs| 9|Vs|
Vs = Vs(t A A 11
s =Vs(to) + 905 Qs + 90w Qw, (1n
where ?QVEJ and AQw are the vectors including all WTGs.

The dynamic of the constant-¢) control loop of SVC/SVG
can be described by a first order function,

1
A — A ref
@s 1+ 5Ty S

where Ty is the time constant and s is the complex variable.

12)



With the following definitions,
AVET 2 V3e! — Vi(to),
Vref VS
s )

13)

AVipg £ (14)
where AV”’f indicates the reference of voltage change, AViy
is the 1ntegra1 of the deviation between V&' and Vg and s
is the complex variable, (10)—(14) can be rewritten as the
following state space form,

AQs AQs £
: = A EsA BgAVS®, (1
{ AV } s { AV, + EsAQw + Bs , (15)
with the following constraints,
QHIII] < AQS + Qs(to) < QIH'IX (16)
VSmln < VSrcf < ‘/Smax7 (17)

where Q'™ and QF** are the minimum and maximum
Var capacity of SVG, respectively; VZ"™ and Vi"®* are the
minimum and maximum feasible voltages More details of the
derivation of (15) and mathematical expressions of Ag, Fsg,
Bg are presented in Appendix.

C. General discrete model

Based on (8) and (15), the general state space model
of continuous systems, including Ng SVCs/SVGs and Ny
WTGs, can be formulated as,

= Ax + Bu (18)
with

T = [AQsl ) A‘/intl I AQSNS ) AV}ntNS )

AQWUH' AQWNW}/a
[Avref7 e Sr;\),f ’ AQ{iﬁffl PR AQ%ICNW]/7
B AS1 0 ES| 0 T
0 - As, 0 Es,,
A= = T Wl
0 0 _Twl 0
i 1
I 0 0 0 Ty
- B, 0 0 0 7
0 Bsy. | 0 0
B: T
0 0 = 0
| S
I 0 0 0 Tong |

By applying the sampling time AT}, according to the dis-
cretization method described in [18], (18) can be transformed
to a discrete model,

z(k +1) = Aqz(k) + Bau(k) (19)

QW < AQw, (k) + Qw, (to) < QW™ i € [1,---, Nw]
QY™ < AQs, (k) + Qs, (to) < Qmax €[l,---, Ng]
Vsr?in < Vref(k) < Vmax [1’ . 7NS]

where Ag, Bg are the discrete forms of A, B in (18),
respectively.

V. COORDINATION WITH OLTC

As mentioned in Section II, the local automatic tap changer
controller is included in the WFVC. Its working principle is
illustrated in Fig. 4. In this controller, a deadband Vpp is
introduced in order to avoid unnecessary switching around the
reference voltage V... Conventionally, Vpp is symmetrical
around V. Under a normal operating condition, the bus
voltage V stays within the deadband. No actions are taken by
the controller. At ¢ = t,;, a timer is triggered. If this condition
persists for longer than a preset time delay Tielay, the tap 1,y
will increase (nga, + 1) or decrease (nap — 1) according to
the voltage condition [19]. Tyc1ay is largely dependent on the
tap changer design. A minimum of 2 seconds is given in [20].
The trigger time ¢,; and tap position 7, will be sent to the
MPC controller.

For each control step, the MPC controller will check if there
exists a potential tap action t,.; within the prediction period
T}, indicated by Sign,,,. Suppose the current time is ¢ = t,

Signg,, = {

Once ¢, is within to ~ to+T}, (Fig. 4), in the remaining of
the prediction period t,.4 ~ to+7}, the tap change will occur.
As the tap changer is located at the main transformer, which
is the root bus of the collector system, the bus voltages along
the feeders will be affected. The degree of the effect is related
to the calculated sensitivity value < SV 1t will be included in
the calculation of the predicted voltages which is described
in the next section. Compared with the discrete or continuous
modeling of OLTC in the MPC, this method is easier to be
implemented without additional computation burden.

13 1ftO < tact < tO +Tp

0, else. (20)
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Fig. 4. Working princle of OLTC in MPC.

VI. MPC PROBLEM FORMULATION FOR WFVC

As described in Section II, two control modes are designed
for different operating conditions. In this section, the cost



function as well as the constraints of the MPC based WFVC
are formulated for both control modes.

To be noticed, the sampling period of the control action of
the WEVC, ATy, is normally in seconds, which is larger than
the time constants of the fast Var devices, such as SVCs/SVGs.
In order to better coordinate the fast and slow devices, the fast
dynamics should also be captured. Therefore, the sampling
period of the prediction, AT}, is smaller. In this paper, AT,
is further divided into Ny steps. Accordingly, for a prediction
horizon 7T},, the number of control steps N, can be calculated
by N. = ATT and the total number of prediction steps can be
calculated by Np = N¢ x Ng.

The selection of the prediction horizon T}, is important for
the control performance. If 7}, is too small, the dynamics can’t
be well coordinated. If 77, is too large, the accuracy of the
persistence assumption of Py and sensitivity coefficients will
decrease.

A. Corrective voltage control mode

If any bus voltage deviation of the wind farm violates its
threshold, i.e. || Veoc — Vide [|[> Vil or || Varv — Vi [|>
Vil or || Vay — Vet ||> VR, the WFVC will be switched
to this mode. Vpoc, Vmv and Viy are the measured voltage
at the POC, MV side of the main substation transformer
and WTG buses, respectively. Viy is a vector, defined as
Viv = [Vav,, vy, -]/ Vel is the reference value derived
from system operator (typlcally 1.0p.w.), V&' is the nominal
voltage of each WTG (typically 1.0 p.u.), VFEI(‘)C and V\}\? refer
to the thresholds of Vpoc and Viy, respectively. VPt}éC differs
according to different grid codes. In this study, Vggc and
Vi, are set 0.01p.u. and 0.03 p.u., respectively. For Vi{b,
since the protection configuration is usually set [0.9,1.1], to
ensure sufficient operation margins, V\}‘P is set 0.08. In order
to differentiate the priority, the weighting factors for WTG
voltages are larger.

1) Cost function: This control mode aims to ensure all the
terminal voltages throughout the whole farm remain within
the limits. The control inputs are AQw and VZ°f. The cost
function is expressed by,

Np

min S (] AVESCR) rpoe + 1| AVRR) [Py
AQw, Vs T

+ || AV (R) i) Q1)

where AVES(k), AV (), AVR©(k) are the deviations of
Vpoc, Varv and Vay to their reference values at the prediction
step k, respectively; Wpoc, Wy and Wy are the weighting
factors. It should be noticed that only the buses with violated
voltage are considered in the cost function. Before each
formulation of the MPC problem, all the voltage deviations
at the current time are calculated based on the measurements
and their reference values. Once the voltage deviation is within
the threshold, the corresponding penalty part will be neglected
in the newly formulated MPC problem.

AV (k) and AV (k) are affected by the Var injection
of SVCs/SVGs, WTGs and tap change of OLTC, which can

be calculated by,

alVMv‘ a|VMv|
AVE™ (k) =W AQw (k AQs(k
Varv (k) =Vmv + 90w Qw (k) + 905 Qs (k)
: A V re:
+ Slgntap($mmp) Vigk, (22)
ap
0|V |V |
pre _
AV (k) =Vw + 20w ——AQw(k) + 905 AQs(k)
: V re:
+Slgntap(#tvv|Antap) Vet (23)
ap

Due to the electrical coupling with the external grid, the
impact of the tap change at the Vpoc is quite limited and
neglected in this study. AVES (k) can be obtained by,

3|Vpoc| 8|VPOC‘
SO AQuw (k) + Z5 2 AQs
Boc- (24)

2) Constraints: Besides (19), the other constraints are,

AVESc(k) =Vpoc + —~—

If || Veoc — VEde IS Vi e
POC < AV}ESE( ) < VPOC (25)
If || Vv — ViRG (1< Viity»
My < AVRV(R) < Wi (26)
If || Vay — Vit [|< Vi,
Vit < AVFC(k) < Wy 27)

The constraints (25)—(27) are conditional. Once the voltage
violates the constraint, in order to guarantee a feasible solution
of the MPC, this constraint needs to be relaxed and thus
removed in this case.

Since the control inputs could only be changed at the control
points, the values within the control period are maintained:

AQw (iNs + k) = AQw (iNs), (28)
VEE(iNg + k) = VI (iNy), (29)
i€0,---Ny—1],k€[0,--- Ny —1].

B. Preventive voltage control mode

If all the bus voltage deviations are within their thresholds,
the WFVC will be switched to the preventive control mode.

1) Cost function: The control objective of this mode is
twofold. Firstly, in order to deal with the potential disturbance
in the future, the fast dynamic Var support capabilities shall
be maximized. It can be realized by minimizing the Qs to
its middle level of the operating range (Qm“x Q). The
reduced Qg will be substituted by other slower Var sources for
maintaining the voltage of buses throughout the wind farm.
Secondly, in order to better fulfill the requirement from the
system operator, the deviation between the measured voltage at
POC Vpoc and its reference value will be further minimized.
The cost function is expressed by,

Ny
min > (| AVESG () [fvpoe + [ AQE™(R) [3,),
AQw, Vg™ 1 —]

(30)



where AQE™(k) is the deviation of Qs from its middle
operating level at the prediction step k, Wg refers to its
weighting factor, AQE™(¢) is calculated by,

AQE™(K) = Qs + AQs(k) — 5(QE™ - QF™)

2) Constraints: The constraints of this mode are similar to
those of the corrective control mode.

When the WFVC switches between these two modes, the
chattering may occur. In order to prevent the chattering, a
hysteresis loop can be used.

The formulated MPC problem can be transformed to a
standard Quadratic Programming (QP) problem, which can be

efficiently solved by commercial QP solvers in milliseconds
[21].

€Y

VII. CASE STUDY

In this section, a wind farm, comprised of 20 x 5 MW
full-converter WTGs, 1 x =7 MVar SVG and 1 xOLTC with
+8x1.25% tap changer, was used for the case study. Its
configuration is shown in Fig. 1. The wind farm is integrated
into the Nordic 32 system model, developed by CIGRE [22].
The connected bus is Bus 1042, which is located at the
terminal of the grid, as shown in Fig. 5. The wind field
modeling considering turbulences and wake effects for the
wind farm was generated from SimWindFarm [23], a toolbox
for dynamic wind farm model, simulation and control.

Two scenarios were selected to test the efficacy of the
proposed WEVC. Firstly, the wind farm operates under normal
operation. The internal wind power fluctuation was considered.
Secondly, besides the internal power fluctuation, the impact of
the external grid on the wind farm was taken into account. In
both scenarios, the results of the Optimal Controller (OPT)
based on the current measurement was compared with those
of proposed MPC controller.

The sampling periods of the WFVC AT, the prediction
horizon AT}, were set as 1s and 0.2s, respectively. The
prediction horizon T}, was set as T}, = 5s.

A. Normal operation

In real operation, the wind farm is required to have the
capability to limit the power production ramp rate by many
system operators in order to smooth out the wind power
variation [24]. In this paper, the ramp rate control is applied
in the wind farm controller. The maximum ramp rate is set
10% of the installed capacity per minute (10 MW /min for this
case). The simulation time is 600 s. The total power output of
the wind farm Py is shown in Fig. 6.

As mentioned before, the fluctuation of active power has
an impact on the prediction accuracy of Py and may further
affect the control performance. In order to sufficiently test the
proposed WFVC, different wind power conditions should be
included. In this study, the whole operation period is divided
into two parts. During 0 ~ 350s, the wind power fluctuates
between 50 MW and 70 MW. During 100 ~ 200s, the wind
power output becomes smoother, which fluctuates between
70 MW and 76 MW.

>
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Fig. 5. Nordic 32 system with wind farm.
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Fig. 6. Power output of the wind farm.

As the furthest bus along the feeder, WT07 is chosen as the
representative WTG bus (see Fig. 1). The simulation results
of voltages at three important buses: Vpoc, Vmy and Viy, are
shown in Fig. 7. All the voltage deviations are within their
thresholds and therefore the WEVC operates in the preventive
control mode.

As the primary control objective of this mode, it can be
observed Vpoc is regulated around its reference value Vg%fc =
1p.u. (see Fig. 7(a)). Only very small deviations are detected
when Py is close to the wind farm capacity or when the
power fluctuates strongly. For the former case, since Py is
almost the maximum output, the Var contribution of WTGs are
limited (see Fig. 3). For the latter case, the fast variation of Py
has an impact on the voltage deviation. However, the standard
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Fig. 7. Voltages of different buses within the wind farm.

deviation o(Vpoc) of both controllers are quite small: 0.017%
for OPT and 0.0030% for MPC. Both controllers show good
control performances. Comparably, the performance of MPC
is better.

As the other control objective of this mode, the simulation
results of Qs of both controllers are shown in Fig. 8. Only
small Qg are detected for both controllers. In other words, the
fast Var reserve has been maximized. Both controllers show
good control performances. The mean value Qg and standard
deviation o(Qs) are 0.01% and 0.57% for OPT. For MPC, Qg
and o(Qs) are 0.00% and 0.09%, respectively. Comparably,
the performance of MPC is better.
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Fig. 8. Reactive power of the SVG Qs.

B. Operation with LVRT

In this case, the disturbances of the external grid are
considered. A three-phase short-circuit event at Bus 1044 is
used to represent the fault condition. The event occurs at
t = 20s and it is cleared at ¢ = 20.2s. The simulation time is
70s. The simulation results are illustrated in Figs. 9-13.
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Fig. 9. Voltage of POC, (a) zoomed part in time axis, (b) zoomed part in
voltage axis.
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Fig. 10. Voltage of MV, (a) zoomed part in time axis, (b) zoomed part in

voltage axis.

During 20 ~ 20.2s, the short-circuit fault results in a
sudden decreases of Vpoc, Vamy and Viy, which violate
their thresholds (Figs. 9(a)-11(a)). The WFVC switches to
the corrective control mode. Since the control period of the
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Fig. 11. Voltage of WTO07, (a) zoomed part in time axis, (b) zoomed part in
voltage axis.

WFVC is 1s, the fault is within the interval between two
control actions (20 ~ 21s). The SVG starts compensating the
reactive power independently, as shown in Fig. 12. Due to
the large voltage drop, ()g reaches to its capacity limit Q)g'**
immediately. After the fault, the voltages start recovering.
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Fig. 12. Reactive power of the SVG Qs.

For the OPT, the recovery is slow. Viy, goes back to its
threshold shortly after the fault (Fig. 11(b)). Subsequently,
Varv returns within its thresholds at about ¢ = 22.8s (Fig.
10(b)). AVpoc returns within its threshold at ¢ = 30.5s (Fig.
9(b)). Accordingly, the WFVC switches back to the preventive
control mode. Then Vpoc is controlled to move back to its
reference (1 p.u.). This process is slow and lasts until the end
of the simulation (¢ = 70s). During the voltage recovery,
the Var injection Qs has reached to its maximum capacity
(QE™ = 7MVar) and stays at this value until ¢ = 39.7s,
as shown in Fig. 12. It means that the SVG can’t provide
fast dynamic Var support for possible voltage drop during that
period. After t = 39.7s, Qg starts decreasing and reduces to
around 0 MVar at ¢ = 60.2s. Four tap actions are detected at
t=1t1,t=1ty, t =13 and t = ty, respectively (Fig. 13).
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Fig. 13. Tap position of OLTC at the main substation.

For the MPC, the recovery is much faster. As shown in Fig.
11(b) and Fig. 10(b), Viy, and Vary go back to be within their
thresholds shortly after the fault. Subsequently, Vpoc returns
to be within its threshold at t = 25.1 s (Fig. 9(b)). Accordingly,
the WFVC switches back to the preventive control mode.
Vpoc is then controlled to move back to its reference (1 p.u.).
This process is fast and finished at ¢ = 48.2s. During the
voltage recovery, (Js doesn’t reach to Qg'**. After t = 25.1s,
Qs starts decreasing and gets to around O MVar at ¢t = 48.2s,
which is much earlier than that of the OPT. Two tap actions
are detected at t = t5 and ¢t = tg, respectively (Fig. 13).

It should be noted that the tested wind farm was based on
full-converter WTGs (Type 4). As mentioned in Section IV-A,
both Type 3 and Type 4 WTGs have Var regulation capability.
Comparatively, the Var capacity of Type 3 WTGs is smaller.
Accordingly, the capability to support voltage at the collector
bus or at the POC is smaller. Since the proposed MPC can
efficiently coordinate between the multiple Var devices, the
control performance with Type 3 WTGs can be guaranteed
when the Var reserve is sufficient. However, for the case when
a large amount of Var is required and the reserve is insufficient,
such as severe disturbance in the external grid, the control
performance with Type 3 WTGs may be worse than that
with Type 4 WTGs and the capacity of the Var compensation
devices shall be increased.

VIII. CONCLUSION

In this paper, the MPC based WFVC is developed to
optimally coordinate the Var/Volt regulation devices with
different time constants. Two control modes are designed for
the voltage violated and normal operation conditions. For the
corrective voltage control mode, besides the voltage at the
POC, the other terminal voltages throughout the whole wind
farm are regulated to be within the limits. For the preventive
voltage control mode, the dynamic Var support capabilities
are maximized to prevent the potential disturbance and the
voltage of the POC is further improved to better fulfill the
requirement from the system operator. In order to improve
the computation efficiency, the analytical method is used to
calculate the sensitivity coefficients. The case studies show
the proposed MPC has better control performances compared
with the conventional optimal controller, especially under
disturbances.



APPENDIX

The derivation of the state space model of SVC/SVG for
the proposed WFVC can be divided into three steps.
Step 1: Calculation of AQZ!.

Based on (11) and (14), (10) can be transformed into,

AQref (Vref VS) + KI (Vref V) (32)
3|Vs| 9| Vs
_ ref _ _
—KP(VS Vs (to) 905 AQs 0w AQw)
+ KIA‘/int-
Substitute (13) into (32),
sy =rp(any - Plags - Zlagy) o3

+ KIA‘/int-

Step 2: Derivation of the differential equation of AQs.
The equation (12) can be transformed into the following
differential equation,

AQs = —*AQS + 7 AQfef (34)
Substitute (33) into (34),
8|Vs\ K
KP o|Vs| Kp R
- A + — AV,
Ts 0Qw Qw Ts — F

Step 3: Derivation of the differential equation of AVj.
The equation (14) can be transformed into the following
differential equation,

AVint :(Vsref - VS)- (36)
Substitute (11) and (13) into (36),
AV, =(VE — %) (37
I|Vs| o|Vs|
=V& — Vi(to) — AQs — A
S s(to) 90s Qs 90w Qw
o|Vs| o|Vs|
=AVZFel AQs — AQw.
9Qs “ 95 aaw S

Based on (35) and (37), the state space model of SVC/SVG
can be derived,

AQs [ AQs 3
: = A EgA BsAVg©
{AVinc } S| AVig + EsAQw + Bs (38)
where
r aVsly K
A — = (1+K 90s) To
S = d|Vs| 0 ’
L Qs
Kp 0|Vs| Kp
Es=| "4y |.Bs= { s
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