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Abstract: The integration of distributed wind farm leads to additional fluctuation of power flow in a high-voltage
distribution network, which has become a major concern in automatic voltage control. This study proposes a slack
optimal control method to determine the tolerance band of gateway reactive power (GRP) which takes into account
voltage constraints, energy loss and excessive operations of control devices. Analysis of network characteristics shows
that the GRP control band should be set according to both load levels and the outputs of distributed wind farm. Based
on the analysis, slack optimal active loss difference strategy is proposed to set the slack optimal band of GRP. A slack
optimal band matrix is defined and a partitioning intersection strategy is proposed to implement the differential setting
of the slack optimal control band parameters of GRP. Simulation studies are conducted on a practical distribution
network in China and the results show that the proposed method performs well in energy saving, control device
regulating, voltage profile keeping, and reactive power balancing in a simple and practical way.
1 Introduction

Recent years have seen fast development of wind power generation
[1]. In addition to large centralised wind farms which are directly
connected to transmission networks, there are more than 1000
distributed wind farms whose capacity ranges between 10 and 99
MW scattered in 110 kV high-voltage distribution networks in
China. The distributed wind farms are usually chained with
substations by lines from remote areas where the natural condition
of wind is good [2, 3], as shown in Fig. 1. Integration of the
distributed wind farms in radial high-voltage distribution networks
can significantly affect the power flows, which in turn leads to the
increase in voltage violation rate [4–6], system loss [7, 8] and
frequency of control devices regulation [9, 10].

Automatic voltage control (AVC) system is developed to solve
these voltage and reactive power problems in power grids. How to
coordinate the on-load-tap-changer (OLTC) and shunt capacitors
in a substation [11, 12] to reduce the negative impact of
introduction of distributed wind farms has been a challenge to the
existing AVC system. The AVC approach has been discussed
widely [13–28], which can be classified into two categories.

The first approach is ‘centralised control method’ [13–17] which
is a straightforward solution that maximises the control
performance. In [14], a robust optimisation model was proposed to
coordinate the discrete and continuous reactive power
compensators and find a robust optimal solution in consideration
of large centralised wind farms integration. In [15, 16], the
doubly-fed induction generators in the wind farm were treated as a
continuous reactive power source in the reactive power
optimisation (RPO) in a distribution network, the objective of
which was to minimise the power loss of the system. Although
these approaches can obtain the global optimal solution in theory,
especially for small systems, they require reliable communication
link among sensors, voltage control devices and the distribution
network control centre, which means a large investment as well as
special attention are required for reliability against system faults
[18]. Ahmed [19] indicated the optimisation problem is always
formulated as a single step optimisation problem which cannot be
robust to various uncertainties or change in system properties.
Furthermore, for a large power system with time-varying operation
condition, modelling of topology of the power system may
become so complicated that the computational burden of control
centre increases dramatically [20]. Therefore, it is difficult to apply
the optimisation based centralised control method in practice.

The second approach is ‘local control method’ [21–28] which
performs real-time control based on local measurements. An optimal
parameter setting and a dead band control for OLTC were shown in
[22, 23]. In [24], a control coordination technique based on the
concepts of control zone, line drop compensation, dead band, as
well as the choice of controllers’ parameters was proposed to
minimise the interaction with other active devices. Afandi et al. [25]
proposed an integrated volt/VAr control (IVVC) to improve the
overall voltage profile and reduce the total number of tap operations
in middle-voltage distribution networks. Reference [27] proposed a
nine-area control algorithm which is widely adopted as the local
control method of the substation in China considering its simplicity
and practicality [28]. These approaches, which focus on the
coordinated control of OLTC and shunt capacitor, are in general
reliable due to their independency and simplicity of control system
configuration. However, the drawback of these approaches is that
the power loss cannot be reduced effectively, and their control
effect highly depends on the control parameters which are usually
fixed and cannot change with the variation of operation status.

Overall, AVC system can hardly achieve its objectives such as
power loss saving, voltage keeping, and regulation time
minimising simultaneously when the load demand of system and
the output of wind power varied violently and asynchronously.
Although there are a lot of research works about voltage and
reactive power control in distribution system with wind farms,
these researches tend to focus on the coordination of OLTC in
substation and reactive power control of wind farm, and capacitor
switching on the feeders. There is few references to discuss the
influence of intermittent wind power on the volt/VAr control in
substation, or to investigate the AVC strategies to adapt the
fluctuant wind power integrated into the high-voltage distribution
network.
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Fig. 1 Typical high-voltage distribution network with a wind farm integration
This paper therefore aims at the volt/VAr control of high-voltage
distribution network with distributed wind farms integration and an
improved local control method, slack optimal control, is proposed.
The contributions of this paper include:

(i) Correlation characteristics between the reactive power injected
from the upstream network to the substation primary bus (i.e.
gateway reactive power (GRP)), and the active loss of branches in
radial high-voltage distribution networks have been investigated
with and without wind farms, respectively.
(ii) A strategy to set the slack optimal control band of GRP in
consideration of the uncertainty of load level and distributed wind
farm output has been proposed.
(iii) A slack optimal method which is based on the nine-area control
algorithm [27, 28] has been proposed to coordinate the controls of
OLTC and shunt capacitors in substation, and the control
parameters of the proposed method are adjusted for the power
flow fluctuation caused by wind farms.

The paper is organised as follows. Section 2 proposes a slack
optimal method. In Section 3, the setting strategies of the optimal
control band of GRP selection for single-source and double-source
branches are presented. In Section 4, the setting process of slack
optimal band of GRP for typical situation is demonstrated, and
simulation studies are carried out to demonstrate the effectiveness
of the proposed method, in comparison with the methods
proposed in recent literatures. Finally, conclusions are drawn in
Section 5.
2 Slack optimal control formulation

Three objectives are usually included for AVC, such as minimising
power loss, avoiding voltage violation and reducing the operation
times of discrete control devices, but it is not easy to fulfil them
simultaneously [29]. The costs of adjusting the control devices are
added to the power losses to construct an objective function which
can balance these objectives [30], since the power loss objective is
sacrificed to reduce the operation times.

For the local control method, the branch power loss can be
thought as the minimum one when the corresponding GRP is
controlled near 0, since the reactive power flow is nearly
minimised. Moreover, an experiential slack control band of GRP
is adopted for AVC to reduce the operation times at the cost of
power loss rising. However, how to determine the parameters of
control band of GRP to balance these objectives is a key to the
local control method, especially under time-varying loads and
fluctuant wind power. As an improved local control method, the
proposed slack optimal control is therefore to settle this key
problem.
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2.1 Slack optimal control objective

The objective of slack optimal control is to find a ‘slack’ optimal
solution which may be close to the minimum power loss
meanwhile reduce the operation times, and its objective function
can be expressed as

F = PLOSS,i [ [Pmin ,i, Pmin ,i + DP] (1)

where PLOSS,i represents the system loss in scenario i; Pmin,i

represents the minimum system loss can be reached by RPO in
scenario i; ΔP is called slack optimal active loss difference, which
can be expressed as

DP = a · Pmin .max (2)

where Pmin.max represents the maximum value of Pmin,i in all
scenarios; α is defined as slack optimisation cost which represents
the percentage of the maximum difference between Pmin.max and
the power loss at other operating points in a GRP band.
Obviously, the larger ΔP, the less power loss saving and the less
operation times can be expected.

2.2 Slack optimal control constraints

High-voltage distribution network generally operates in radial
connection modes. Since the wind farms are usually chained with
terminal substations by lines from remote areas, as shown in
Fig. 1, the line-transformer units on the chain from a pilot bus to a
wind farm are named double-source branches (e.g. the branches
including Substations C and B along with Lines 2–4), and the
other branches are called single-source branches (e.g. the branch
including Substation D along with Line 1). F is the wind farm, W
is the access point of the wind farm and A is the pilot bus which
represents the access point to upstream grid. In the high-voltage
distribution network with wind farms integration, the voltage
constraints are expressed as

Umin ≤ Uj,i ≤ Umax, ∀j [ BN\VB (3)

Umin + 1 ≤ Uj,i ≤ Umax − 1, ∀j [ VB (4)

where BN is the set of buses; VB is set of the primary buses of
substation in double-source branch; j [ BN\VB denotes j [ BN ,
but j � VB; U

min is minimum allowed voltage; Umax is maximum
allow voltage; 1 is defined as voltage safety margin which is set in
consideration of uncertainty of the distributed wind farm output;
and Uj,i is the voltage at bus j in scenario i.
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2.3 Slack optimal control algorithm

The slack optimal control algorithm is based on the nine-area control
algorithm, which has been widely adopted as the local control
strategy for a commercial AVC system in the substation to make a
balance between the local reactive power and the voltage quality.
Taking the substation secondary voltage VL and GRP QH as the
variables to form a two-dimensional plane, nine areas are divided
by VLmax, VLmin, QHmax and QHmin. Here, VLmax and VLmin

represent the maximum and minimum allowable secondary
voltages, respectively, and QHmax and QHmin represent the
maximum and minimum allowable GRPs, respectively.

As shown in Fig. 3, Area 5 is considered as the only qualified area.
Its voltage is between the pre-set upper and lower limits, and its
reactive power is controlled within a pre-set band. If the operation
status falls in other areas, it needs further adjustments, such as
capacitor switching and transformer tap changing, to enter into
Area 5. As shown in Fig. 2, C+ and C− denote switching on and
off capacitor banks, respectively, while T+ and T− mean turning
up and down OLTCs, respectively.
2.4 Slack optimal control parameters

The nine-area control algorithm is simple and practical, but the control
effect highly depends on the control parameters which are usually set
empirically. Among these parameters, the control band of GRP (i.e.
QHmin and QHmax) is the key factor which indicates the regional
reactive power balance condition [31]. The simulation results
presented in [32] have indicated that the nine-area control algorithm
cannot guarantee the minimum real power loss when keeping the
GRP to 0 under different load levels. Therefore, it is necessary to
permit a tolerance band for gateway reactive power. Huang et al.
[33] suggested to dynamically adjust the GRP according to load
level at gateways between the 500 and 220 kV networks. However,
this method does not apply to the situation under concern, as
distributed wind power integration in the high-voltage distribution
network makes the power loss characteristic more complex. In this
case, the control effect of AVC depends highly on the rational
setting of the control band for GRP, considering the influences of
load level and wind power output variations.

The existing setting strategy for the control band of GRP [34] is based
on empirical experience and can only realise rough balance rather than
optimal distribution of reactive power in the entire network. The slack
optimal control is therefore presented to set the slack control band of
GRP according to the loss characteristic of single-source and
double-source branch, thus to drive the power system’s operation
status close to optimal one, without changing the existing control frame.
3 Setting strategy for slack optimal control band
of GRP

Considering that the fluctuation of wind power affects the voltage
and power flow of the double-source branches, but not the
Fig. 2 Nine-area control algorithm
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single-source branches [3], the loss characteristics of these two
types of branches are different.

3.1 Loss characteristics of single-source branch

The total active power loss of a single-source branch, PLOSS, can be
expressed as

PLOSS = DPT + DPL (5)

where ΔPT and ΔPL are the active power loss of the transformer and
the line in single-source branch, respectively, which are calculated
from

DPT = P0 + Pk
P2
D + (QH − DQT)

2

S2N

= P0 + Pk b2 + (QH − DQT)
2

S2N

[ ]
(6)

DQT = I0%

100
SN + Vk%

100

P2
D + (QH − DQT)

2

SN
(7)

where SN is the transformer capacity; P0 and Pk represent the
zero-load and short-circuit loss of the transformer, respectively;
I0% and Vk% represent the percentages of zero-load current and
short-circuit voltage, respectively; PD and QD are active and
reactive load demands, respectively; QC is the reactive power
compensation of low-voltage side; ΔQT is the reactive power loss
of the transformer; QH is the GRP; β is the active load rate of the
transformer. The relationship between QH and QC can be
Fig. 3 Characteristics of loss in the single-source branch

a β = 10% and β = 30% in the single-source branch
b β = 70% in the single-source branch
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expressed by

QH = QD + DQT − QC (8)

The active power loss and reactive power loss of the line are given as

DPL = (PD + DPT)
2 + (QH − bLLV

2
H/2)

2

V 2
H

rLl (9)

DQL = (PD + DPT)
2 + (QH − bLLV

2
H/2)

2

V 2
H

xLl (10)

where rL, xL and bL are the unit resistance, reactance and susceptance
of the line, respectively; l is the length of the line; ΔQL is the reactive
power loss of the line; VH is the voltage of high-voltage side of main
transformer

VH = VA −
(PD + DPT)rLl + (QH − bLLV

2
H/2)xLl

VH
(11)

where VA is the voltage of the pilot bus.
Refer to (5)–(11), the operational variables that influence the

active power loss of single-source branch are β and QH, when the
parameters of the transformer and the line are given.

Therefore, PLOSS can be expressed as an implicit function of QH

and β

f (PLOSS, QH, b) = 0 (12)

where QH is the control variable which can be controlled by
Fig. 4 Characteristics of loss in the double-source branch

a Pw = 0.5Pw.max in the double-source branch
b Pw= Pw.max in the double-source branch
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switching VAr compensation devices while β is the disturbance
variable which depends on the load.

In a single-source branch, when β is determined, a U-shaped
curve, which shows that PLOSS varies with QH, can be obtained by
adjusting reactive power compensation installed in the substation
secondary bus. Such curves are shown in Figs. 3a and b when β is
10, 30 and 70%, respectively, for a specific single-source branch.
The different curves correspond to the scenarios which represent
different load levels, and the lowest points of the curves are
essentially the extreme points of RPO to minimise the power loss,
shifting from the right to the left of the abscissa as β increases.
This means the heavier the active load demand, the less the
reactive power consumption in the substation to reduce the active
power loss of the single-source branch.

In Fig. 3b, Pmin is the minimum active power loss of the branch
under the specified scenario; QHopt, corresponding to Pmin, is
defined as the optimal value of GRP; ΔP represents the maximum
probable difference between the real PLOSS and Pmin when the
GRP is controlled within the slack optimal band of GRP; �QH1,
�QH2 and �QH3 are the upper limits of slack optimal band of GRP
when β are 10, 30 and 70%, respectively, while �QH1, �QH2 and �QH3
represent the lower limits.
3.2 Loss characteristics of double-source branch

Given that the active and reactive power outputs of the terminal wind
farm will change the power flow of double-source branch, the
characteristic of active power loss of the double-source branch is
expressed as follows

g(PLOSS, QH, b, Pw, lw) = 0 (13)

where lw is the revised power factor of the wind farm, and its
definition is given as follows

lw =

Pw����������
P2
w + Q2

w

√ Qw . 0

− Pw����������
P2
w + Q2

w

√ + 2 Qw , 0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(14)

where Pw and Qw are the active and reactive power outputs of the
wind farm, respectively. Actually, lw is a conversion of power
factor in order to differentiate the leading and the lagging power
factors efficiently.

According to (13), the active power loss of the double-source
branch will be influenced by the wind power outputs, load level
and GRP. Among the above factors, the load level and the wind
power outputs are uncontrollable variables with certain
randomness, so the active loss of the distribution system is mainly
decided by QH, which is controlled by switching reactive power
compensators installed in secondary bus of substation.

Similarly, the U-shaped curves of PLOSS varying with QH for a
specific double-source branch with different Pw and lw are shown
in Figs. 4a and b, where Pw.max represents the maximum active
power output of the wind farm. It is obvious from the curves that
QHopt changes when the output of the wind farm changes.

As shown in Figs. 3 and 4, the curves are gentle in the bottom
relatively, while become steep on both sides. Consequently, the
system loss is low enough when the GRP is controlled in the
neighbourhood of the lowest point of U-shaped curves which are
marked by grey dots in Figs. 4a and 4b. On the other hand, the
wider tolerance control band of GRP will result in less adjustment
of reactive power compensation devices. Considering the objective
of saving energy, improving voltage profile and decreasing
frequency of control devices regulation, it is necessary to set a
reasonable allowable control band of GRP in single-source and
double-source branches.
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3.3 Slack optimal control band of GRP in single-source
branch

As shown in Fig. 3b, the value of QHopt changes with β in the
single-source branch. To ensure the system runs near the optimal
point under various load levels, the slack optimal active loss
difference (ΔP) strategy is proposed in this paper to set the slack
optimal bands of GRP of substation in the single-source branch.

The slack optimal active loss difference, ΔP, is expressed as

DP = aPmin3 (15)

where Pmin3 is the minimum power loss of the single-source branch
in theory when β = 70%. For safe and reliable operation, β is usually
less than 70% in any substation. The width of the GRP band is
decided by ΔP distinctly.

According to the simulation studies, β has a small influence to the
boundary of slack optimal bands of GRP in single-source branches.
In order to make the control method simple and reliable, the slack
optimal bands of GRP are only classified according to two typical
conditions: light and not-light loads. The setting procedure of
slack optimal bands of GRP is described as follows:

Step 1: Collect the parameters of lines and transformers.
Step 2: The relationship of PLOSS and QH are drawn up according to
Figs. 3a and b for different typical conditions, such as β = 10%, β =
30% and β = 70%, which represent three typical load levels. The
constant ΔP, which is decided by (15), is obtained based on Pmin3.
Step 3: Calculate the initial slack optimal bands of GRP under three
typical conditions based on the Pmin and ΔP.
Step 4: If Q

H1
, 0, let Q

H1
= 0 to avoid the reverse reactive power

flow when β = 10%.
Step 5: The intersection of slack optimal bands of GRP of β = 10%
and β = 30% is set as the slack optimal band of GRP under light load
conditions (i.e. β < = 30%), while the intersection of slack optimal
bands of GRP of β = 30% and β = 70% is set as the slack optimal
band of GRP under not-light load conditions (i.e. β≥ 30%).
Fig. 5 Flowchart of slack optimal band setting of GRP in a double-source
branch
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3.4 Slack optimal control band of GRP in double-source
branch

The QHopt in a double-source branch changes with β, Pw and lw,
among which Pw and lw are main influence factors. The flowchart
of the slack optimal band of GRP setting strategy for
double-source branches is shown in Fig. 5.

In Fig. 5, W3×3 is defined as the wind farm operating condition
matrix, which is composed of different scenarios in which the
active and reactive power outputs of the wind farm changes from
small to large. The specific formula is described as follows

W 3×3 =
W11 W12 W13
W21 W22 W23

W31 W32 W33

⎡
⎣

⎤
⎦

=
(Pw1, lw1) (Pw1, lw2) (Pw1, lw3)
(Pw2, lw1) (Pw2, lw2) (Pw2, lw3)
(Pw3, lw1) (Pw3, lw2) (Pw3, lw3)

⎡
⎣

⎤
⎦ (16)

The element Wij of W3×3 represents the specific operating condition
of the wind farm when Pw = Pwi and lw = lwj, where Pw1 = Pw.max,
Pw3 = Pw.min, Pw2 = (Pw.max + Pw.min)/2, lw1 = lw.min, lw3 = lw.max

and lw2 = (lw.max + lw.min)/2. The subscripts max and min mean
the maximum and minimum values, respectively.

In Fig. 5, A3×3, which is composed of a series of slack optimal
bands of GRP, is defined as slack optimal band matrix. The
physical meaning of element Aij in A3×3 is the intersection of the
voltage-amended slack optimal bands of GRP under three
conditions when Pw = Pwi and lw = lwj, as formulated by

Aij = (Q′
H1ij

, �Q
′
H1ij)> (Q′

H2ij
, �Q

′
H3ij)> (Q′

H2ij
, �Q

′
H3ij) (17)

where the subscript numbers 1, 2 and 3 correspond to β being 10, 30
and 70%, respectively, and the superscription (′) means the amended
upper or lower limit of slack optimal band of GRP in consideration
of substation primary bus voltage security based on the boundary
value derived from the slack optimal active loss difference (ΔP)
strategy.

It is highlighted here that the upper and lower limits of the optimal
band of GRP should be amended to ensure the substation primary
bus voltage (i.e. VH) within a secure range (Vmin + 1, Vmax − 1),
since wind power integration tends to cause over-limit voltage in
the double-source branch. The procedure will be illustrated in the
following section.

Each element in A3×3 only represents the specific slack optimal
band of GRP under a typical scenario. To ensure the setting of
slack optimal band parameters of GRP can cover most operating
conditions, partitioning intersection algorithm is proposed in this
paper. In this algorithm, A3×3 is partitioned by two dimensions
including Pw and lw, and the cut-off point is (Pw2, lw2), and the
four typical slack optimal bands of GRP can be set by taking the
Fig. 6 Partitioning intersection algorithm
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Table 1 Parameters of lines

Line Length, km Resistance, Ω Reactance, Ω Susceptance, S

L1 15 1.2 6.26 41.1
L2 10 0.8 4.17 27.4
L3 20 2.64 7.72 59.2

Table 3 Slack optimal bands of GRP under different load levels

β, % Initial Amended

10 (−6.8, 8.2) (0, 8)
30 (−7.2, 7.7) (−7, 8)
70 (−7.6, 7.2) (−8, 7)
intersection of the corresponding elements of matrix A3×3 as shown
in Fig. 6.
4 Case studies

4.1 Setting of slack optimal band of GRP for typical
situation

To illustrate the proposed setting strategy, a 110 kV single-source
branch and a 110 kV double-source branch are used in this
section, and the whole system is configured as shown in Fig. 1.
The voltage of pilot bus, ES, is 115 kV, X ′

S is the equivalent
reactance and the models of transformer TD and TC are both
SFZ9-50000/110, whose parameters are listed as follows: Pk =
194.4 kW, P0 = 36.3 kW, Uk%= 10.5 and I0% = 0.35. The
parameters of the lines are shown in Table 1.

The installed capacity of wind power farm F is 49.5 MW and Pw

varies from 4.95 to 49.5 MW randomly. Considering the power
factors of wind farms are restricted within the range of 0.95
leading to 0.95 lagging [35, 36] and are usually controlled by the
distributed wind farms rather than by the distribution system
operator, lw varies from 0.95 to 1.05 randomly. Here, lw = 1.05
means the power factor is 0.95 leading, while lw = 0.95 means the
power factor is 0.95 lagging.

4.1.1 Single-source branch: The optimal bands of GRP at
Substation D in the single-source branch are calculated according
to the setting strategy mentioned in Section 3.3. At the first stage,
QHopt and Pmin under different load levels are solved and the
results are listed in Table 2.

Let α = 4%; therefore, ΔP = αPmin3 = 0.04*234 kW ≃9 kW. The
initial slack optimal bands of GRP are obtained based on the loss
curves and the value of ΔP, as depicted in Fig. 3b. Then, the slack
optimal bands of GRP are rounded and amended to avoid reverse
reactive power under light load conditions according to Step 4
described in Section 3.3. The results are shown in Table 3.

For the convenience of engineering application, two control
parameters for slack optimal control under light and not-light loads
conditions can be set according to the intersections of the slack
optimal control bands in Table 3, as shown in Table 4.

4.1.2 Double-source branch: The slack optimal bands of GRP
at Substation C in the double-source branch are set according to
Fig. 5. The key issue is to calculate A3×3. Given 1 = 0.1 p.u. and
α = 4%, this section takes element A11 as an example to explain
the specific calculation process.

The value of A11 is calculated from W11, and W11 = (Pw1, lw1) =
(49.5, 0.95). In this status, both the active and reactive power outputs
of the wind farm reach the maximum.

When β = 70%, the relationships of PLOSS, VHC (the primary bus
voltage of Substation C) and QHC (the GRP of Substation C) are
derived by load flow computation, and the curves are shown in
Fig. 7, where QHopt = 3.8 MVAr and Pmin3 = 673 kW. Hence, ΔP =
αPmin3 = 0.04*673 ≃27 kW. The initial optimal band of GRP is
Table 2 QHopt and Pmin under different load levels

β, % QHopt, MVAr Pmin, kW

10 0.21 29
30 0.02 93
70 −0.38 234
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(−10.1, 17.4) and the corresponding band of VHC is (114.9, 117.0)
consequently. Considering the voltage constraint VHC≤ 116.6 kV,
the slack optimal band of GRP is modified to (−4.8, 17.4). In the
same way, the initial and amended optimal bands of GRP under
varied road levels can be obtained and the results are shown in
Table 5.

Therefore, A11 = (−5, 17) ∩ (−4, 17) ∩ (−2, 17) = (−2, 17). In the
same way, other elements in A3×3 are obtained

A3×3 =
A11 A12 A13

A21 A22 A23

A31 A32 A33

⎡
⎣

⎤
⎦

=
(−2, 17) (−16, 10) (−24, 3)
(−6, 11) (−9, 8) (−13, 4)
(−7, 7) (−8, 7) (−8, 6)

⎡
⎣

⎤
⎦

The four typical slack optimal bands of GRP are therefore obtained
and shown in Table 6 according to the partitioning intersection
algorithm as depicted in Fig. 6.

4.2 Practical case

A real 110 kV distribution network in Guangdong province, China is
studied in this section. The network contains a wind farm and its
structure is shown in Fig. 1. The pilot bus A is the 110 kV bus of
a 220 kV substations, B, C, D and E are four 110 kV substations,
F is a distributed wind farm rated 49.5 MW, XS is the equivalent
reactance of the upper power system, and ES is the equivalent
voltage potential. QS is the reactive power injected to the 110 kV
distribution network from 220 kV transmission power grid.
Switched capacitor banks are installed at each 10 kV bus. Each
capacitor bank has a rating of ten MVAr and two stages of five
MVAr each. The total loads and the outputs of the wind farm in a
certain day are shown in Fig. 8.

The upper and lower limits of VL of the nine-area control
algorithm are set to 10.6 and 10.1 kV, respectively. Three methods
are applied to set the upper and lower limits of QH and the results
are given in Table 7. The three methods are described as follows:

(i) Method 1: The setting values of each substation are derived from
the standard [34]. According to the standard, the power factor of
substation primary bus should be higher than 0.95 lagging under
not-light load conditions, while it should be lower than 0.95
lagging under light load conditions. This is the most common
setting strategy for GRP control bands of 110 kV substations used
in China currently.
(ii) Method 2: The control bands for GRP of each substation are
given according to Table 4 without differentiating between the
different kinds of branches. It is based on the loss characteristics
of the given network under different load levels, while method 1
is based on the empirical rule.
(iii) Method 3: The setting values of the substations in single-source
branches are given according to Table 4, while those in
double-source branches are given according to Table 6. This
Table 4 Slack optimal bands of GRP for Substation D

Load Slack optimal band, MVAr

light load (β < 30%) (0, 8)
not light load (β≥ 30%) (−7, 7)
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Fig. 7 Curves of PLOSS and VHC when β= 70%

Fig. 8 Load and output power curves

Table 7 GRP control bands of three methods

Substation β Method 1 Method 2 Method 3

D, E light load
(β < 30%)

(2, 11) (0, 8) (0, 8)

not-light load (−11, 11) (−7, 7) (−7, 7)
method considers the loss characteristics of the given network under
different load levels and wind farm outputs.

Based on the nine-area algorithm and the different GRP control
bands mentioned in Table 7, simulation studies of 96 states in a
day (with a 15-min time interval between two subsequent states)
are carried out using C# programming. The simulation results are
shown in Table 8. These results are compared with the RPO
aiming at minimisation of active power loss [30], and the IVVC
method and the control parameters of IVVC are pre-set at QLimit =
10 and QStatus = 2 [25]. Furthermore, simulation results are
demonstrated in Fig. 9, including the curves of the voltage of the
bus of wind farm integration (VW), GRP of Substation C (QHC),
GRP of Substation B (QHB) and QS curves using different local
control methods.

In Table 8, W is the daily energy loss of the network, measured in
kWh; NT and NC are the daily regulation times of all on-load tap
changers and all of switch capacitor banks in the network,
respectively; Ntotal represents the sum of NT and NC; V% is the
voltage qualified rate of Vw all day; CA represents the cost of
adjusting the discrete control devices, measured in kW, and the
unit adjustment cost of OLTC tap and compensator are set to 10
and 6 kW/times, respectively, according to [30]. It’s important to
note that the unit adjustment cost of OLTC tap is more than that
of reactive compensator.

So far, some conclusions can be drawn from the simulation studies
as follows:
Table 5 Slack optimal control bands of GRP under different loads

β, % Initial Amended Rounded

70 (−10.1, 17.4) (−4.8, 17.4) (−5, 17)
30 (−10.0, 17.3) (−3.7, 17.3) (−4, 17)
10 (−9.8, 17.2) (−2.4, 17.2) (−2, 17)

Table 6 Slack optimal bands of GRP for Substation C

Optimal band, MVAr, MW lw < 1 lw≥ 1

Pw≥ 22.7 (−2, 8) (−9, 3)
Pw< 22.7 (−6, 7) (−8, 4)
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(i) Energy saving: The daily energy loss obtained by the
conventional control method (Method 1) is the highest while that
by RPO is the lowest, and the loss control by the proposed method
(Method 3) is less than those by other local control methods. Thus
it can be seen that the loss can be lowered when the GRP control
band is set according to the loss-load characteristics and the
loss-wind power characteristics. Compared with the loss by
Method 1 and IVVC, the loss by Method 3 is reduced by 2.3–
3.2%, which is only 2.1% higher than the loss by RPO, a typical
centralised control method.
(ii) Regulation times of discrete control devices: The total times by
method 3 are the second lowest, but the cost of adjusting the control
devices by the proposed method is the least due to less OLTC
(β≥ 30%)
B, C light load

(β < 30%)
(2, 11) (0, 8) refer to Table 6

not-light load
(β≥ 30%)

(−11, 11) (−7, 7)

Table 8 Control effect of different methods

Method W, kWh NT NC Ntotal V, % CA, kW

method 1 21,573 22 14 36 100 304
method 2 21,013 15 26 41 96.9 306
method 3 20,882 10 25 35 100 250
IVVC 21,355 25 7 32 100 292
RPO 20,450 325 101 426 100 3856
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Fig. 9 Vw, QHB, QHC and QS, using different methods

a Vw the voltage of the bus of wind farm integration
b QHB GRP of Substation B
c QHC GRP of Substation C
d QS the reactive power injected to the 110 kV distribution network from 220 kV power
grid

IET Gener. Transm. Distrib., 2017, Vol. 11, Iss. 3, pp. 596–604
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adjusting than by IVVC. The total times by RPO are over ten times
higher than other methods, which is unbearable for distribution
system operators and it may threaten the security of system
seriously. Hence RPO is not applicable for the voltage and
reactive control in distribution networks with wind farm integration.
(iii) Voltage quality: It can be seen from Fig. 9a that Vw calculated
by Method 3 is among [113.7, 116.4] kV all day long and has more
margins than that by other methods. The reason for this result is that
different control method for GRP of Substations C and B causes the
difference of QHC and QHB at some time which is related to the
voltage profile in high-voltage distribution networks. As shown in
Figs. 9b and c, from 0 a.m. to 7:30 a.m., four methods have
similar control effect for GRP in Substations C and B under light
load and low wind farm output conditions. From 7:30 a.m. to
3 p.m., the reactive power consumption in Substations C and B is
only reduced by Method 3, to maintain the voltage level and
reduce the network loss under middle load and low wind farm
output conditions. From 3 p.m. to 8 p.m., the reactive power
consumption slightly increases in Substations C and B, under the
control of Method 3, to decrease the voltage fluctuation when the
wind farm output gradually increases during this time. From 8 p.
m. to 12 p.m., with the loads decrease and wind farm outputs
increase, voltage violation occurs if Method 2 is applied; however,
the violation can be avoided by Method 3.
(iv) Reactive power balance: The variation range of QS obtained by
Method 3, as shown in Fig. 9d, is [−6.9, 36.7] MVAr. It is smaller
than that obtained by other methods, which will be more beneficial
to the reactive power local balance.

To sum up, it is Method 3 that realises the multi-objective volt/
VAr control including saving energy, improving voltage quality
and reducing adjustment cost, for this method considers the loss
characteristics of the given network under different load conditions
and various wind power outputs.
5 Conclusions

This paper proposes an efficient and practical method for voltage and
reactive power regulation by using substation shunt capacitors and
OLTC in high-voltage distribution networks with distributed wind
farms integration. Both the load levels and wind power outputs are
considered in the proposed method. Based on numerical analysis,
we can conclude that the GRP slack optimal control bands of
substations in the single-source branch should be set according to
different load levels and the setting strategy for GRP slack optimal
control bands of substations in the double-source branch should
consider the changing of wind power outputs additionally. With
the load level of distribution system and the output range of the
wind power farm considered, the differential slack optimal control
bands of GRP are worked out based on the slack optimal control
method. The simulation results show that the energy loss of the
proposed method can be reduced by 2.3–3.2% in comparison with
the existing method. Moreover, fewer regulation times and better
voltage profile can be obtained by the proposed method, indicating
that the proposed method is efficient for distribution operations
and helps to improve power quality.
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