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Abstract: To address the static voltage stability issue and suppress the voltage fluctuation caused by
the increasing integration of wind farms and solar photovoltaic (PV) power plants, a two-tier reactive
power and voltage control strategy based on ARMA power forecasting models for wind and solar
plants is proposed in this paper. Firstly, ARMA models are established to forecast the output of wind
farms and solar PV plants. Secondly, the discrete equipment is pre-regulated based on the single-step
prediction information from ARMA forecasting models according to the optimization result. Thirdly,
a multi-objective optimization model is presented and solved by particle swarm optimization (PSO)
according to the measured data and the proposed static voltage stability index. Finally, the IEEE14 bus
system including a wind farm and solar PV plant is utilized to test the effectiveness of the proposed
strategy. The results show that the proposed strategy can suppress voltage fluctuation and improve
the static voltage stability under the condition of high penetration of renewables including wind and
solar power.

Keywords: ARMA; reactive power; voltage stability; control strategy; renewable

1. Introduction

In recent years, with the rapid development of renewable generations, the scale of the integration
of wind power and solar power stations increase rapidly [1,2]. In China, wind farms and solar PV
power stations are mainly located in the north and northwest regions, while load-centers are located
far away in eastern regions. As the increase of the integration, the influence of the randomness at the
generation side and long-distance transmission on voltage stability is more and more prominent [3-5].

Many papers studied the voltage and reactive power control strategy at the turbine level,
wind farm level, and wind farm group level [6-17]. In order to participate in voltage regulation,
a wind turbine can increase its reactive power output to some extent by lowering its active power
output [6]. The performance of alternative voltage control strategies applied to a doubly-fed induction
generator (DFIG) are explored and compared [7]. Stator- and grid-side converters could be adjusted
for voltage-control purposes. Different control sequences will lead to different control performance [8].
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The main concern of the dispatching of the system is voltage and reactive power at the PCC (point
of common coupling). Therefore, a centralized controller is needed in the wind farm to monitor
and maintain the voltage at the interconnection nodes. Wind turbines are used as the second
voltage controller to provide satisfactory reactive power and voltage control effects when there
was communication delay in the centralized controller of wind farm [9]. The coordinated control of
conventional VAR compensation devices, wind farm or PV stations, and dynamic devices can further
improve the voltage and reactive power control performance of the system [10-12]. A transient voltage
stability scheme integrated with passive SFCL (superconducting fault current limiter) and active TVC
(transient voltage control) voltage compensators for the DFIG-based wind farm was proposed in [10].
With coordinated control of the turbine and reactive power compensation equipment in the wind
farm, the network voltage profile is improved and the voltage stability is enhanced [11,12]. Due to the
centralized location and high output correlation, the wind farm group has greater influence on voltage
stability. A two-stage voltage control model of the wind farm group considering main transformer
tap adjustment was proposed in [13]. The three-layer automatic voltage control strategy of wind
farm group is studied, which takes the voltage deviation and voltage stability as the optimization
objectives [14]. Compared with wind power, the output of photovoltaic power is less random, but
as its generation does not involve mechanical components, the PV output may fluctuate rapidly and
dramatically. It has been proved in [16] that through reactive power control, voltage magnitude
fluctuations due to short-term PV power variability can be mitigated. High penetration of PVs in the
distribution network can result in overvoltage in some operating conditions. Reactive power control
algorithms are proposed to maximize the PV generation and guarantee the voltages of all buses in
the acceptable range [15]. Local adaptive active power curtailment of PV systems for overvoltage
suppression was considered as well. A reactive power and voltage coordinated control strategy for
a grid-connected wind-PV hybrid system was proposed in [17].

The above reactive power and voltage control strategies did not consider the operating
characteristics of commonly-used reactive power compensation devices, such as shunt capacitors,
in the system and the voltage stability margin problem. On one hand, shunt capacitors cannot be
adjusted smoothly and quickly. A time delay is needed for the voltage to be regulated to meet the
requirements. On the other hand, the wind farm and PV power plants are normally far away from the
load-center, and electricity needs to be transmitted through long-distance lines. Ignoring the static
voltage stability margin will be detrimental to the stable operation of the system.

Considering the operating characteristics of reactive power compensation devices and the voltage
stability margin, a two-tier reactive power and voltage control strategy is proposed in this paper to
solve the abovementioned problems. Based on the single-step predicted output of wind and solar
power by the autoregressive moving average (ARMA) time series forecasting models, the voltage at
selected substations are regulated through regulating shunt capacitor devices. The objective of the
first-tier strategy is to minimize the voltage deviation at these central points. Due to the errors between
the actual output and the forecasted output of the wind farm and the solar power station, and the
limitation on the control flexibility of shunt capacitors, the predefined objective for period ¢ (voltages at
selected central points for the next control period, for example, next 15 min) designed at period (t — 1)
in the first-tier strategy may not be met at period . Therefore, at the target control period (period ¢),
the static voltage compensators, and the reactive output of wind farm and solar stations are regulated
to mitigate the voltage variation of central points between period t and the predefined objective given
at period (¢ — 1) by the first-tier strategy to improve the stability margin and the dynamic reactive
power margin. The reactive power output of shunt capacitors, wind farm, photovoltaic station, and the
dynamic reactive power compensation devices are optimized through the particle swarm optimization
(PSO) algorithm, and coordinated by two-tier strategies.
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2. ARMA-Based Power Forecasting Model

Instead of mitigating the influence of variable renewables through the curtailments from the
demand side [18], wind and solar power forecasting are still the most effective means of handling
the uncertainty of renewable power generation. Several different models have been successfully
applied to the forecasting of renewable power generation in terms of wind power [19-23] and solar
power [24-26]. In this paper, the ARMA time series model is applied to establish the forecasting model
based on historical data [21]. ARMA forecasting is simple and fast, suitable for the pre-control of
discrete equipment. The forecasting can be performed through three steps, including system modelling,
parameter estimation, and adequacy validation. It has been applied to the research of wind power
prediction successfully.

In the time series modeling, we need to smooth the observation data sequence so that the
non-stationary data sequence can be transformed into a stationary random sequence with zero mean.

The mean value of time series {x;} with finite length N is calculated by the following:

N
Hx = (th> /N 1)

t=1

yt:xt—ﬂx(tzlzzl“',N) (2)

Thus, the zero mean time series {y;} is obtained.
The general ARMA model can be described as follows [27]:

p q
ye =Y aiyii+er— ) Bigr 3)
=

i=1

where p, q are the orders of the ARMA model, «; and f; are parameters of the ARMA model, ¢ is
stationary white noise with zero mean.

Equation (3) shows that the AR model, the autoregressive process, describes the system’s memory
of its past state; the MA model, the moving average process, describes the system memory of the
previous noise (random disturbance term) into the system. Therefore, the ARMA model is the system
memory of its own states and the past noise into the system. y;, the value of a time series ARMA (p, ) at
moment ¢ can be represented by a linear combination of p historical observations plus a moving average
of the g term of a white noise sequence. Please see [27] for the detailed steps of the identification
process of the model.

3. Two-Tier Reactive Power and Voltage Control Strategy

Currently, the reactive power regulation devices in wind farms and solar power plants are mainly
shunt capacitors and dynamic reactive power compensation devices. The output of reactive power of
shunt capacitors has two features: (1) the output of each unit is discrete; (2) the switching operation
time is relatively long compared to the variation of the reactive power. When the output power of
the solar PV station or wind farm changes dramatically, it is quite difficult to achieve fine voltage
regulation only through those shunt capacitors. A static VAR compensator (SVC) and other dynamic
reactive power compensation devices are able to provide a continuous, fast reactive power regulation,
which can change the reactive power rapidly and stabilize voltage fluctuations quickly.

A two-tier reactive power and voltage control strategy based on the ARMA time series model
is put forward, which considers the characteristics of reactive power regulation devices. The control
strategy of the first tier is to regulate the discrete equipment based on the single-step prediction
information of the wind farm and solar PV power station. This tier aims at minimizing the voltage
deviation at the central point. The control strategy of the second tier is to regulate the reactive power
output of the SVC, wind farm, and PV power plant based on the real-time measurement. The objective
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of this tier is to suppress the voltage fluctuation of the central point (selected nodes to provide voltage
support in power system) and improve the voltage stability margin and the reactive power margin
of dynamic reactive power compensation equipment. The second tier control is implemented based
on the first tier control. Since the action time of the shunt capacitors is long, the shunt capacitors are
regulated in advance based on the forecasted output of wind farms and solar stations. The output of
capacitors decided in the previous period (15 min before), as well as the real-time measurement, are
used as the input of the second tier optimization to decide the reactive power output of the SVC, wind
farm, and PV power plant. The overall reactive power and voltage control strategy is given in Figure 1.

\ Grid Dispatch \
Adjustment ‘ Power Prediction Adjustment ‘ Power Prediction
Instruction Information Instruction Information ‘

\ Wind Farm | | Photovoltaic Power Plant \

The First kL ‘

Tier Contro
‘ Plan Capacitor Switching Per 15min ‘

The Second Tier
Control
Regulate the reactive power output of SVC, wind farm and photovoltaic power

plant based on the measured data

Figure 1. The overall reactive power and voltage control strategy.

3.1. The First Tier Control Strategy

The objective function of the first tier control strategy is to minimize the voltage deviation in every
control period. We regulate the discrete equipment based on the single-step prediction information
of the wind power and PV power station. The high voltage side buses in boost substations of the
wind farm and PV power plant are selected as central points in this paper. The objective function is

as follows:
N

minfl =AU = Z (ulpr - uiref)
i=1

?, (4)

where N is the number of central points; UlP " is the predicted value of voltage at central point 7, and
Uirer is the reference voltage at central point i.

3.2. The Second Tier Control Strategy

The second tier control strategy is to regulate the reactive power output of the SVC, wind farm,
and PV power plant based on the real-time measurement. The objective of this tier is to suppress the
voltage fluctuation at the central point and to improve voltage stability margin and the reactive power
margin of the dynamic reactive power compensation equipment.

3.2.1. The Index of Voltage Deviation

Firstly, the reactive power and voltage control strategy should ensure the voltage level of the
central point to meet system requirements. The index of voltage deviation is as follows:

N
Alp = 2 (ui - uiref)z (5)
i=1

where N is the number of central points; U; is the voltage at the central point i, and Ujyys is the
reference voltage.
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3.2.2. The Index of the Voltage Stability Margin

The index of voltage stability is calculated based on power flow equations, which is widely used
in the identification of the weak point in power system. The L index is calculated through Equation (6).
Relations between the voltage stability and the L index is: L > 1, the voltage is instable; L = 1, it is in
a critical state; and L < 1, the voltage is stable [28].

F; - Us
D;

Li=|1- £8; — 6; (6)

where Us is the voltage of equivalent large grid, Up;, is the voltage of node i in the wind and PV
centralized system, F; and J; are the amplitude and phase of the i elements of the matrix F, and 0; is
the voltage phase value of the node i relative to slack bus. The node network equation of the wind and
PV centralized system is as follows:

Is | _ | Yss Ysp
Ip Yps Ypp

where Is and Us is a matrix consisting of the current and voltage vectors of an equivalently large

Us

0 ™

grid, Ip and Up is a matrix consisting of the current and voltage vectors of wind and PV connection
nodes, Yss, Ysp, Yps, and Ypp are the sub-matrices of the node admittance matrix Y. The matrix F is
calculated as follows:

F = —YpbYps (®)

Here, the index of the voltage stability margin, Ly, is introduced. It is calculated as follows:

N
pr = Z LZZ 9)
i=1

where N is the number of central points, and L; is the index of local voltage stability of central point i.

3.2.3. The Reactive Power Margin of the Dynamic Reactive Power Compensation Equipment

Improving the reactive power margin of dynamic reactive power compensation device can
suppress voltage increases at the moment of clearing the fault. The reactive power margin is calculated
by Equation (10):

NQ 2
Qsi
AQs = ( (10)
l':zl QSimax - QSimin
where i is the node where dynamic reactive power compensation device is installed; N is the number

of the dynamic reactive power compensation devices; Qg; is the reactive power output at node 7; Qgjmax
and Qg;jmin are the limits of reactive power output.

3.2.4. The Objective Function

The objective of second tier is to suppress the central point voltage fluctuation and to improve the
voltage stability margin and the reactive power margin of the dynamic reactive power compensation
equipment. The objective function is as follows:

min f, = w1AQs + w AUy + w3 Ly (11)

where AQs is the reactive power margin of SVC; Al is the voltage error of central point, and Ly is
the static voltage stability index of power system. wy, w,, w3 are the weighting factors.
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3.3. Constraint Condition

The proposed control strategy should meet the equality constraints and inequality constraints.

3.3.1. Equality Constraints

Equality constraints are mainly the power flow equations, which are as follows:

Ng
Pi—t = ui—t Z Uj_t(Gl-]- Ccos Gij—t + Bij sin 9ij—t)
= (12)
Ng _
Qi = Ui—t];l U;_,(Gjjsinb;;_, — Bjjcos;;_,)
where, i € [1, N;], and Ng is the number of nodes, P;_; and Q;_; are the injected active and reactive
power at time t, Gj;, B;;, and 0;;_; are the conductance, susceptance, and the phase displacement of the

voltage between node i and j, respectively.

3.3.2. Inequality Constraints

The inequality constraints of power system are mainly the constraints of state variables and
control variables. The voltage should not exceed the limit. The formula is as follows:

uimin < ui < uimax (13)

Constraints of the control variables are mainly the reactive power output of the wind farm,
PV power plant, and dynamic compensation equipment given in Equation (14).

QWmin < QW < QWmax
QPVmin < QPV < QPVmax
KTmin < KT < KTmax

QCmin < QC < QCmax

(14)

where Qw, Qpy, and Qc are the reactive power output of the wind farm, PV power station, and shunt
capacitor. K is the tap position of the transformer. Qwmin, Qpvmin, and Qcmin are the lower limits of
the reactive power output of the wind farm, PV power station, and shunt capacitor. Qwmax, Qpvmax
and Qcmax are the upper limit of the reactive power output of the wind farm, PV power station, and
shunt capacitor.

4. Reactive Power Limit of the Wind Farm and PV Power Station

The active and reactive power output of the DFIG is affected by the current limitation of the rotor
winding, stator winding, and the converter of the rotor side. Among them, the current limit of the
rotor-side converter is the main factor. The reactive power output limit of the stator side is given

as follows:
U? X, . 2
—XZ—F\/(X':uslrmax) _P52
u2 Xy 17 2 /
QGmin = _YZ - \/(X";Uslrmax> - P52
QGmin < QG < QGmax

where Us is the terminal voltage of the stator side; X, is the excitation reactance; Xs is the stator
reactance; irmax is the upper current limit of the converter; Qgmin and Qgmax are the lower and upper
limit of the reactive power output of the DFIG.

QGmax =

(15)
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The wind farm can be modelled differently according to the research focus. In this paper, the
control strategy does not need to consider the internal electric connection and the differences among
DFIGs. Therefore, the lumped model is chosen. The limit of reactive power output is given by
Equation (16):

n
Qwmin = X QGimin
i—1

. (16)
QWmax = ';1 QGimax

where Qgimin and Qgimax are the lower limit and upper limit of reactive power output of the DFIG i.
Owmin and Qwmax are the lower limit and upper limit of the reactive power output of wind farm.

The reactive power output of the PV power station depends on the control strategy of the inverter.
When the constant voltage control strategy is adopted, the active and reactive power output of the PV
inverter needs to meet the constraint conditions given by Equation (17):

2 2 2
Pipv + Qipv < Sipv 17)

where Py, Qjpy, and Sjy, are the active power output, reactive power output and inverter capacity
of the inverter. When reactive power loss of the power line, the transformer and the inverter are
neglected, the limit of reactive power output of PV power station is given by Equation (18):

m
vamax = Z Qipv max (18)
i=1

where Qpymax is the reactive power upper limit of PV power plant; Ql-pz, max 15 the upper limit of the
reactive power output of inverter; m is the number of inverters.

5. Model Solution

In this paper, the particle swarm optimization (PSO) algorithm is used to solve the two-tier
reactive power and voltage control strategy [29]. Each particle includes the reactive power output of
the capacitor bank, wind farm, photovoltaic power station, and SVC at time ¢. The flowchart within
a control cycle is shown in Figure 2. The detailed process is as follows:

e  STEPI: Initialize the size of PSO algorithm population N, the weight coefficient w and so on;

e  STEP2: Calculate the fitness value of each particle, and then, the individual optimal value Ppegt
and the global optimal value Gy, can be obtained;

e  STEP3: Update the position and velocity of each particle;

e  STEP4: Stop the search if the stop condition is satisfied; else, go to step 2; and

e STEPS5: Check if the data is reasonable. If the data is reasonable, execute the control strategy;
if not, calculate again.
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Input network information, establish
forecasting model of wind farm and PV
plant, single step prediction

|

First switch capacitor banks according
to prediction results

|

Initial population size, weight
coefficients, particles, and maximum
iterations

%v

‘ Fitness evaluation ‘

‘ Particle optimal updating ‘

Population
update

atisfy termination
condition

Obtain the optimal
solution

Figure 2. Flowchart of the two-tier reactive power and voltage control.

6. Simulation Analysis

6.1. The Establishment of Time Series Model Based on ARMA

Based on the output data gathered from wind farm and PV power station in Ningxia, the
model is established through data processing, model determination, parameter estimation, and
adequacy validation.

The parameters p, g of the ARMA (p, g) model can be determined by the autocorrelation function
and partial correlation function of time series. In order to improve the feasibility of the model in the
system, firstly, the data of the wind power and solar power are standardized. The autocorrelation and
partial correlation of the data after standardization are given in Figure 3.
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Figure 3. Autocorrelation function and partial autocorrelation function of the time series of output of
the (a,b) wind farm and (c,d) solar power station.
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We can see from Figure 3 that the autocorrelation of the output of the wind farm and PV power
station decay to smaller values after nine and 15 time lags, respectively (the resolution of the forecasting
is 15 min.). The partial correlation of the output of the wind farm and PV power station decay to
a smaller value after two and one time lags, respectively. Therefore, the prediction model of the output
of the wind farm and PV power plant should use the ARMA model, and the time series model of wind
farm and PV power station are ARMA (9, 2) and ARMA (15, 1), respectively.

The parameters in Equation (3) of the model are estimated through MATLAB 2010b after the
model is determined. The actual output curve and the forecasted output curve are shown in Figure 4.
As the output of the wind farm and PV power station has a strong randomness, there is usually
a certain error between the predicted and actual values. Shown in Figure 4, for wind power prediction,
the mean absolute error is 2.23 MW, and the mean relative error is 8.98%. For PV power prediction,
the mean absolute error is 1.16 MW, and the mean relative error is 7.46%. The estimation errors of the
ARMA model, most of the time, are precise enough for the pre-control with shunt capacitors.

Lastly, the residual sequence is obtained through the method of paper [27]. The residual sequence
is the white noise sequence, so the model is in accordance with the requirements.

B35\\\\\\\\\\\\\\\\\\\\\\\\ 50\\\\\\\\\\\\\\\\\\\\\\\\
% 30 prediction Vah/l = 457 prediction valug]
= 250 actual value j § gg — actual value
= |
@ e
201 c = 30
S>: = g Z 25"
5 15 3 E 20t
= Qs
2 10t o = 15
(@] = 10
2 gl < _
) < or
.E0\\\\\\4\\\\\\\\\\\\\\\\L 0\\\\\\\\\\\\\\\\\\\\\\‘\\\
< 0 6 12 18 "WYV24 0 6 12 18 24
time/h time/h

(a) (b)

Figure 4. Curves of the actual value and prediction value of (a) PV power and (b) wind power.

6.2. Test System

The improved IEEE14 system with the integration of a wind farm and a PV station is used to
verify the proposed method. The installed capacity of the wind farm is 49.5 MW, which is connected to
node 14. At the booster station, five sets of shunt capacitors are installed and the capacity of each set
is 1 MVar. A SVC of 5 MVar is installed. The installed capacity of the PV power station is 39.5 MW,
which is connected to node 9 of the system. At the booster station, the reactive power compensation
devices are the same as those in the wind farm.

In order to compare the effectiveness of the proposed strategy, two cases with different voltage
control methods are constructed as follows:

e  Method 1: No forecasting for the output of wind farm and PV power station. The objective
function is to minimize of voltage deviation. The wind farm and PV power stations operate at
unity power factor. The control cycle is 15 min.

e  Method 2: The control strategy proposed in this paper is applied. The power factor of wind farm
and PV power station varies between —0.95 and 0.95. The control cycle is 15 min.

6.3. Simulation Results

U, is set to be 1. The output of the reactive power of the shunt capacitor is shown in Figure 5.
The output of the reactive power of the SVC, wind farm, and PV power station are shown in Figure 6.
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Figure 5. Reactive power output of the capacitor in (a) wind farm and (b) PV station.
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Figure 6. The reactive power output of the (a,b) SVC, (c) wind farm, and (d) PV plant.

From Figures 4 and 6, the upper limit of the reactive power output of the wind farm and PV
power station varies with the change of the active power output. When the active power output of
the wind farm is close to full power, the upper limit of the reactive power is small. However, more
reactive power is needed at this time. When the reactive power of the wind farm and the capacitors
are not enough to meet the demand of the reactive power, the dynamic compensation device needs to
generate more reactive power. When the reactive power output of wind farm and PV power station
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meet the demand, the reactive power output of the SVC is less, and the reactive power margin of the
SVC is high.

6.4. Analysis of Voltage

The curves of the voltage varying with the output of the active power of the wind farm and
PV plant are shown in Figure 7. The variation of the index of the voltage stability margin is shown
in Figure 8.
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Figure 7. Voltage curves of the central point in (a) wind farm and (b) PV station.
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Figure 8. The L-index values for the PCC of the (a) wind farm and (b) PV plant.

As we can see from Figure 7, when reactive power control strategy is not used, the voltage exceeds
the lower limit and fluctuates significantly, which does not meet the voltage level. Methods 1 and 2 can
both suppress the fluctuation of voltage. However, method 1 ignores the predicted information, and
the voltage fluctuates more significantly than that controlled by method 2. Additionally, as we can see
from Figure 8, the voltage stability margin is larger by method 2 than by method 1. Thus, the proposed
method (method 2) can suppress the fluctuation of voltage and improve the static voltage stability.

7. Conclusions

A two-tier reactive power and voltage control strategy based on the ARMA model for a power
grid with a wind farm and PV plant is proposed, considering the static voltage stability margin
and regulating characteristic between the different reactive power compensation devices. Based on
single-step prediction information, discrete equipment are regulated prior to other devices, aiming at
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minimizing the voltage deviation at the center point. The dynamic VAR compensation devices, the
reactive power output of the wind farm, and the PV plant are then controlled in a coordinated manner
in order to minimize the voltage deviation at the central point, maximize the voltage stability margin,
and maximize the reactive power margin. Through the simulation analysis, the following conclusions
can be drawn:

e  The proposed control strategy can improve the reactive power margin of dynamic devices and
suppress the voltage fluctuation; and

e  The proposed control strategy can improve the system voltage stability margin and the voltage
stability, as well.
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