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ABSTRACT

The generator excitation system adjustment coefficient determines the reactive power control features of the
generator. Reasonable setting of the excitation system adjustment coefficient can improve the reactive power
support capacity of the generator to the regional power grid. In this paper, we propose a reactive power
optimal planning model, which takes into account the generator excitation system adjustment coefficient,
fully exploit the reactive power voltage control capacity of the generator in the reactive power optimal
planning and utilize the Benders decomposition algorithm to work out an optimized solution. Results of grid
simulation show that the proposed method can improve the grid voltage level and reduce the comprehensive

operating costs of the power grid.

Keywords: Reactive Power Optimal Planning, Excitation System Adjustment Coefficient, Benders

Decomposition.

1. INTRODUCTION

With the rapid economic growth, the electric power load is
increasing, and the power grid structure is becoming more
and more complicated, raising higher requirements for the
reliability of power supply. Therefore, it is very important to
carry out reasonable configuration of the system reactive
power source and reactive power compensation devices to
ensure the safe and economic operation of the power grid [1].

The generator is an important reactive power supply of the
power grid. The excitation system adjustment coefficient
refers to the relationship between the change in the generator
terminal voltage and the change in the reactive power of the
generator, which determines the reactive voltage control
features of the generator. The reactive power adjustment of
generators has a large range and needs no additional
investment [2-4]. Reasonable setting of the generator
excitation system adjustment coefficient can improve the grid
voltage level, reduce power grid losses [5-6] and improve the
stability of power grid operation [7-11].

Reactive power optimal planning is part of the power
system optimal planning. It means reasonably adjusting the
reactive power of the generator and determining the installed
locations and optimal capacity of the reactive power
compensation device within the planned period while
ensuring the safe operation of the system to improve the grid
voltage level, reduce active power loss and minimize the sum
of the power loss costs and equipment investment costs.
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Researchers from home and abroad have studied the
reactive power optimal planning. Reference [12-13] studied
the reactive power optimal planning methods for power grids
with stable voltages. Reference [14-15] discussed the reactive
power optimal planning method considering multiple
operation modes. The current researches on reactive power
optimal planning do not consider how different setting values
of the generator excitation system adjustment coefficient
affect the reactive power optimal planning results

In this paper, we propose a regional grid reactive power
optimal planning model which considers the generator
excitation system adjustment coefficient, carry out the
calculation, take the combined action of the set values of the
generator excitation system adjustment coefficient and the
reactive power compensation device into overall account, and
apply the model in the actual power grid. The results show
that while saving equipment investments, this method can
also further improve the grid voltage level and reduce grid
loss, which is of great significance to the reactive power
optimal allocation of the regional power grid.

2. THE GENERATOR EXCITATION SYSTEM
ADJUSTMENT COEFFICIENT

The generator excitation system adjustment coefficient
studied in this paper refers to the relationship between the
busbar voltage on the high voltage side of the generator-
transformer set and the reactive power of the generator, i.c.:
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Qref - QG
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where V. is the target value of the voltage on the high
voltage side; Qs is the reference value of the generator
reactive power and (g is the generator reactive power.

3. REACTIVE POWER OPTIMAL PLANNING

MODEL  CONSIDERING THE  GENERATOR
EXCITATION SYSTEM ADJUSTMENT
COEFFICIENT

3.1 Objective function

Based on the grid planning and load forecasting results, we
obtain the data of multiple target operating modes in the
planned target year and establish the target function as shown
in (2) with the generator excitation system adjustment
coefficient and the reactive power compensation capacity as
the control variables, the voltage and generator reactive
power as constraints, and minimizing the sum of the power
loss costs and reactive power compensation device
investments as the objective:

min(C,Q, +i<:. B.Q)) 2

where, [ is the value of the excitation system adjustment
coefficient of the generator set involved in the optimal setting.
Q. is the newly increased capacity of the reactive power
compensation device, CoQ. is the investment cost of the

k
reactive power compensation device and ZCi (8,Q,) is the
1

sum total of the grid loss costs under k operation modes.
3.2 Constraints

As reactive power is locally balanced, there is usually no
large-scale reactive power transmission between regional
power grids. Therefore, in this paper, we only consider the
optimal planning calculation when the reactive load is
inductive and only discuss the investments in the capacitors.

From Formula (1), we can obtain the power flow
calculation models considering the generator excitation
system adjustment coefficient and reactive power
compensation capacity.

Constraints under each operation mode are:

(1) Flow constraints

P-V,>V, (G, cosd; +B;sing,) =0
jei
i=1..,n-1
Viref _Vi
( ﬁ, +QGiref)7
V,>V,(G;sing, —B, cos6,) =0

jei

3

i=1-..,r
(Q+Qy) -V, ZVJ (Gij sin 0, —B; cosgij) =0
jei
i=1-..s
Qu —Vi D V(G sing, - B, cos6;) =0
jei

i=L-,n-m-r-s-1
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where, n is the total number of nodes, m is the number of PV
nodes, 1 is the number of Pf nodes, s PQ nodes are with the
reactive power compensation devices and n-m-r-s-1 nodes are
without the reactive power compensation devices.

(2) Control variable constraints

The control variables are the generator excitation system
adjustment coefficient and the capacity of s reactive power
compensation devices. The constraint for the generator
excitation system adjustment coefficient is:
ﬁi min < ﬂl < ﬁl max (4)

The constraint for the reactive power compensation
capacity is:
QC S QC max (5)

(3) Safety constraints

The constraint for the voltage operation at each node of the
grid is:
Vimin SVl S\/lmax (6)

The constraint for the reactive power operation of the
generator is:

QGi min < QGi < QGimax (7)

4. REACTIVE POWER OPTIMAL PLANNING

METHOD CONSIDERING THE GENERATOR
EXCITATION SYSTEM ADJUSTMENT
COEFFICIENT

In the generator excitation system adjustment coefficient
optimization model for grid planning, the control variables
include the capacity of the reactive power compensation
device and the values of generator excitation system
adjustment coefficient, but the installed locations and
capacities of the reactive power compensation devices are
unknown, making it difficult to solve the objective function.
Therefore, we divide the solving process into two parts:

Step 1: under various operation modes, we use the Benders
decomposition algorithm to break down Formula (2) into the
operation subproblem and the investment subproblem. By
iteration of the operation subproblem and the investment
subproblem, we obtain the installed location and capacity of
the reactive power compensation device under each operation
mode, and at last calculate the capacity of each reactive
compensation node as the maximum capacity under all
operation modes;

Step 2: where the installed location and capacity of the
reactive power compensation device are known, for the set
value of the excitation system adjustment coefficient of any
generator set, we can obtain the sum of the grid losses under
all operation modes through load flow calculation. By adding
investment costs and grid loss costs, we can obtain the
objective function value of the adjustment coefficient. And by
utilizing the improved particle swarm optimization algorithm,
we can obtain the optimized result of the generator excitation
system adjustment coefficient.



4.1 Calculation of the installed location and capacity of
the reactive power compensation device

For maximum operation mode, the optimization problem is
converted to the single-mode reactive power optimal planning
problem. To solve this problem, we can use the Benders
decomposition method.

The Benders decomposition method was first proposed by
J.F.Benders in 1962 to solve the mixed integer programming
problem. As it converts the original problem to the operation
subproblem and auxiliary problems, this method is widely
applied in solving the reactive power optimization for power
grids [16-18].

Detailed application steps are as follows:

(1) Fix the capacity of each reactive power compensation
device Qc, and construction the operation subproblem.

Calculate the jacobian matrix according to the power flow
equation, as follows:

AP H N

Al M AO

AQ. ML { } ®)
Q| (M. L lav

AB| | D W

Where, AQI is the reactive power increment at the node

without a reactive power compensation device, AQc is the
reactive power increment at the node with the reactive power
compensation device, and Af is the increment of the
generator excitation system adjustment coefficient. Hij, Nij,
MIlij(Mcij) and Lcij(Lcij) can be obtained through the load
flow calculation of the elements in the jacobian matrix under
the regular polar coordinate approach. The calculation
formulas for various elements in the matrix D and W are as
follows:

qj_ﬁxmvj(e ;CosO, +B;sing,) i+ ] )
V. -V, .
D,=—"—1_x(P-V’G,)i= 10
ij (Q _Qref )2 ><( i i ||) ! J ( )
V, -V, . o
W, :—(Q- 0.7 xVV,(G; sing, —B; cos6;) i# ] (11)
V. -V, .
W =—" 1 _x(Q-V?B,)i= 12
ij (QI —Qref )2 ><(QI i ||) J ( )

In the optimization process, we assume the active power
has undergone economic dispatch, so the active power change
of the balance nodes is the grid loss change, and thus,

AP, =Jy xAf; +J ,xAV, (13)
Where, J;1 and J;, are obtained from (14) and (15).

Ja =-VV,(Gysing; —Bcosty), i+ j (14)

Jo, =-V.V;(G, cosd; +Bgsing,), i+ j (15)
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For nodes without the reactive compensation, AQ/=0. For

nodes with the reactive compensation, AQc=0. By
substituting Formula (13), we can obtain the mathematic
model for the linear operation subproblem, which is as
follows:

min AC,(AB,AV) = (I x KxAB+ I, xAV)
KAB+K,AV =0

o) Qomin S KBS+ KAV < Q. +4Q, (16)
ABrin SABS AL
AV, <AV <AV,
LT ™ LT
where, K=(| L, | x| M, [-NTH)"x| L | ;
W D W

Ky =MK; K, =L; Ky =MK; K, = L.

We use the linear programming algorithm to solve (16) and
obtain the dual variable A4 according to the duality principle
of the linear programming.

(2) The dual variable is the “marginal cost” of the reactive
power compensation device, i.e., the change in the operating
cost when the reactive power compensation capacity is
increased here. Then we construct the following function for
the investment subproblem.

minZ
st. i(& +C)xAQ; <Z (17)

AQci < AQci max

Where, /; is the dual variable of the operation subproblem;

C; stands for the price of the reactive power compensation
capacity at the i-th node unit;

AQc; is the incremental capacity of the
compensation device at the i-th node;

AQCimax 18 the upper limit for the reactive power
compensation capacity;

ne stands for the number of the reactive compensation
nodes.

The objective function of the investment subproblem is the
minimum sum of the reactive power equipment investment
and the reduced grid loss cost. By solving the investment
subproblem, we obtain the new reactive power compensation
capacity scheme Q,, and then put it back into the operation
subproblem to form a new operation subproblem.

By iteration of the operation subproblem and the
investment subproblem, we finally obtain the optimal reactive
power compensation device allocation plan.

reactive

4.2 Optimization of the generator excitation system
adjustment coefficient under multi-mode

Particle swarm optimization (PSO) is an optimization
algorithm inspired from the individual behaviors in the entire
system. This algorithm is easy to implement and relies on few
empirical parameters, thus it is successfully applied in many
optimizations of the power system [19-21]. Recently, PSO
has been continuously developed and a number of improved
PSO algorithms have been derived, bringing great prospects
for the application of PSO.



From the reactive power compensation device allocation
scheme obtained in the first step, we obtain the compensating
capacity information of the reactive power at each node as the
constants, set the generator excitation system adjustment
coefficient value, and calculate the power flow of all the
operation modes. Then we calculate the total costs of grid
operation by totaling the grid power loss and the reactive
power compensation capacity from the flow calculation
results under various operation modes, i.e. the objective
function value corresponding to the adjustment coefficient. In
this paper, we apply the improved particle swarm
optimization algorithm to optimize the generator excitation
system adjustment coefficient.

5. EXAMPLE ANALYSIS

In this paper, we take power grid in some area in Jilin
Province as the example. The target grid has 15 220 kV
substations and 194 66 kV substations. We construct the
typical operation modes in the planned target year according
to the planned grid structure and the load forecasting results.
By the above optimization method, we first determine the
installed locations and capacities of the reactive power
compensation devices and the optimal compensation capacity,
and then optimize the generator excitation system adjustment
coefficient. The optimized results of the excitation system
adjustment coefficients are shown in Table 1.

Table 1. Adjustment coefficient of the generator excitation
system in target power system

Adjustment coefficient/%
Generator set

Before optimization  After optimization

Gl 5.7 2.52
G2 5.7 2.47
G3 4.2 1.52
G4 7.0 243
G5 5.1 1.02

As shown in Table 2, before the generator excitation
system adjustment coefficient is optimized, the note voltage
range is between 0.88~1.00 p.u., and the maximum
fluctuation range is 0.09 p.u; after optimization, the voltage
range is between 0.97~1.03 p.u. and the maximum fluctuation
range is 0.04 Pu. It can be seen that the power grid voltage
level is improved significantly due to the installation of
power compensation devices and the reasonable optimization
of the reactive power adjustment capacity of the generator.
With the optimization of the generator excitation system
adjustment coefficient, when the load changes, the
generator’s ability to support the regional grid voltage is
utilized more and the voltage fluctuation is greatly reduced.

By calculating the power operating cost and investment
cost before and after optimization, we obtain the total costs of
power grid operation, as shown in Table 3.

From Table 1, 2 and 3, it can be seen that through the
optimization and reasonable setting of the generator
excitation system adjustment coefficient, both the reactive
power compensation devices and the generator reactive
voltage control play their effects.

After optimization, the grid active power loss is decreased,
the voltage fluctuation of the grid operation is mitigated, and
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the comprehensive operating cost of the grid is reduced,
bringing significant economic benefits.

We reset the generator excitation system adjustment
coefficient in the target power grid according to the results
listed in Table 1, and carry out power flow calculation of data
under all operation modes in the planned target year to obtain
the voltage changes at the nodes before and after the
optimization, as shown in Table 2.

Table 2. The comparison of the voltage range before and
after adjustment coefficient of the generator excitation system
optimization setting in target power system

Voltage range /p.u.
Node No.
Before optimization After optimization
1 0.89~0.98 0.98~1.01
2 0.91~1.00 0.99~1.03
3 0.93~1.00 1.01~1.03
4 0.93~1.00 1.01~1.03
5 0.92~0.99 1.00~1.03
6 0.88~0.97 0.97~1.00
7 0.90~0.97 0.97~1.01
8 0.90~0.98 0.98~1.01
9 0.89~0.97 0.97~1.01
10 0.93~1.00 1.00~1.03
11 0.89~0.98 0.98~1.01
12 0.91~0.98 0.99~1.01
13 0.89~0.98 1.00~1.02
14 0.93~1.00 0.97~1.01

Table 3. The benefit analysis of adjustment coefficient of
the generator excitation system optimization setting

Before After
optimization  optimization
Grid loss rate, % 3.78 3.48
grid loss cost, RMB Yuan/h 2454.71 2289.78
investment cost, RMB Yuan /h 12.72
Annual yield, RMB 10,000 Yuan 133.34

6. CONCLUSIONS

In this paper, we propose a reactive power optimal
planning model, which takes into account the generator
excitation system adjustment coefficient, apply the Benders
decomposition algorithm to work out an optimized solution,
and based on this, apply the improved PSO to optimize the
generator excitation system adjustment coefficient to obtain
the optimization scheme for the generator excitation system
adjustment coefficient. We apply this method to the actual
grid, and the simulation results show that through reasonable
setting of the generator excitation system adjustment
coefficient, this proposed method can improve the grid
voltage level, reduce the active power loss and save
investments in reactive power compensation device.
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