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A minimum transmission power loss calculation method is proposed, and the specific load configuration is

obtained to improve energy transmission capability of the aircraft electric power system. Themethod is divided into

three steps. First, a node table-style format of the aircraft electric power system is proposed according to its

characteristics. Second, the transmission power loss equation is modeled by introducing the power flow calculation

method. Third, the system transmission power losses with different load types are studied. Using particle swarm

optimization algorithm, the minimum transmission power losses with different system load types are obtained.With

the optimum load configuration, the transmission power loss is reduced and energy transmission capacity of the

aircraft electric power system will be improved effectively.

Nomenclature

c1, c2 = positive learning factors
�I = line thermal stability limit vector
_ID1 = current of load 1
_IG1 = current of generator 1
_I1 = current of bus 1
PD1 = active power of load 1
PD2 = active power of load 2
PG1 = active power of generator 1
PG2 = active power of generator 2
Pg;k = active power of the kth generator
Pi, Qi = active and reactive power
PL, QL = active- and reactive-power vectors of the load
PL;d = active power of the dth generator
Pm, Qm = active- and reactive-power vectors of the

generator
Pmin
L , Pmax

L = upper- and lower-limit active-power vector of
the load

Pmin
m , Pmax

m = upper- and lower-limit active-power vectors
of the mth generator

QD1 = reactive power of load 1
QD2 = reactive power of load 2
QG1 = reactive power of generator 1
QG2 = reactive power of generator 2
Qmin
m and Qmax

m = upper- and lower-limit reactive-power vectors
of the mth generator

r1, r2 = uniform random number between 0 and 1
SD1 = apparent power of load 1
SD2 = apparent power of load 2
SG1 = apparent power of generator 1
SG2 = apparent power of generator 2
S1 = apparent power of bus 1
S2 = apparent power of bus 2
_U1 = voltage of generator 1
_U2 = voltage of generator 2
Vmin, Vmax = upper- and lower-limit vectors of the node

voltage

Y11, Y12 = admittance matrixes
yp = parallel admittance
ys = series admittance
w = inertia weight factor

I. Introduction

A N AIRCRAFT electric power system is the system of electric
energy generation, modulation, control, transformation, trans-

mission, and distribution. As the improvement of performance
requirements of modern aircraft, more electronic equipments are
used. The dependence on the aircraft electric power system is also
growing. With the more-electric aircraft and all-electric aircraft
development, higher requirements of power quality and transmission
capacity will be needed [1]. However, due to the characteristics of the
aircraft electric power system, its power frequency is high. Therefore,
the load type has a greater impact on the transmission capacity of
aircraft electric power system.How to design appropriate loads in the
specific situations to reduce power losses during transmission is an
urgent problem.

However, the present research of the aircraft electric power system
is mainly focused on simulation, fault diagnosis, prognostics, and
health management [2–5]. There is still little research on the electric
energy transmission capacity.

Power flow is the most frequently performed study for power
systems. Power flow calculation is an essential and fundamental tool
in power system operation, planning, and energy management [6].
As the basis of analyzing and controlling power systems, power flow
calculations have been extensively researched and widely used [7–
13]. Power flow calculation is needed for both steady-state power
flow analysis and initializations for different dynamic analyses, and
these problems must be solved by some efficient methods [14].
Hence, many methods to solve the power flow have been developed
and well documented in the last few decades [15]. Gauss–Seidel,
Newton–Raphson, and fast decoupled load flow are the three
powerful traditional power flow calculation methods and can solve
most power flow problems in electric power systems. Though power
flow calculation methods are widely used in power systems, they
have not been used to analyze aircraft electric power systems.

Inview of the above, this paper proposes a node representation of a
typical four-generator aircraft electric power system in accordance
with the general similarity of a power system and its characteristics.
Then the power flow calculation method is introduced to obtain the
transmission loss equations of aircraft electric power system. The
impact on transmission power loss with different loads is also
analyzed. Particle swarm optimization algorithm is also used to
obtain the load type with minimum loss of power transmission.
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Finally, comparing the minimum power losses under different
conditions, the optimal load configuration will be obtained.

The remainder of this paper is organized in the following way. In
Sec. II, a node representation of a typical four-generation aircraft
electric power system is proposed. In Sec. III, we present the power
flow calculation method. And the optimization model and opti-
mization algorithm are also explained. Section IV presents the
simulation analysis with different types and the optimum load is
obtained. Finally, we draw the conclusion of the paper.

II. Power Transmission Loss Modeling

A. Form Transformation of Aircraft Electric Power System

An aircraft electric power system is an independent power system.
Compared with a general electric power system, it has its own
characteristics, such as a concentrated power supply, more switches,
and so on. Therefore, the representative form of an aircraft electric
power system must be transformed to meet the needs of power
transmission loss modeling.

Figure 1 shows a typical four-generator aircraft electric power
system.Under normal conditions, generator 1 and generator 2 (called
group 1) are in parallel operation, and generator 3 and generator 4
(called group 2) are in parallel operation. Group 1 and group 2 are not
parallel running. Switching impacts to energy transmission are
substitutedwith the different parameters of the transmission line. The
transformed representation of aircraft electric power system is shown
in Fig. 2.

B. Establishment of Transmission Power Loss

Comparing Fig. 2 with a standard IEEE nine-bus system [16], the
conclusion can be obtained that power flow calculation can also be
used to calculate the transmission power loss of aircraft electric
power system.

The calculation process is as follows, taking two generators
system, for example, as shown in Fig. 3. The transmission linemodel
is as shown in Fig. 4.

According to power flowmethod [17], Eqs. (1–4) can be obtained
as

S1 � �PG1 � PD1� � j�QG1 �QD1� (1)

S2 � �PG2 � PD2� � j�QG2 �QD2� (2)

_I 1 � �yp � ys� _U1 � ��ys� _U2 � Y11 _U1 � Y12 _U2 (3)

_I 2 � ��ys� _U1 � �yp � ys� _U2 � Y21 _U1 � Y22 _U2 (4)

For the systemwithn buses, as shown in Fig. 5, the equation of the ith
bus is

_I i � Yi1 _U1 � Yi2 _U2 � � � � � Yin _Un �
Xn

k�1
Yik _Uk (5)

Then

Pi � jQi � _U�i Ii � _U�i
Xn

k�1
Yik _Uk (6)

where

Pi � Re� _U�i
Xn

k�1
Yik _Uk	 Qi ��Im� _U�i

Xn

k�1
Yik _Uk	

k� 1; 2; . . . ; n

Suppose that Sik and Ski are the line powers of bus i and bus k. The
power equations can be obtained as

Sik � Pik � jQik � _Ui� _U�i � _U�k�y�ik � jUij2ypi (7)

Fig. 1 Typical aircraft electric power system.

Fig. 2 Representation form of the aircraft electric power system.

Fig. 3 Two-generator power system.

Fig. 4 Model of transmission line.

Fig. 5 System of n buses.
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Ski � Pki � jQki � _Uk� _U�k � _U�i �y�ki � jUkj2ypk (8)

Then the transmission loss of bus i to k is

SLoss-ik � Sik � Ski (9)

III. Optimization Designing

A. Optimization Model

According to the characteristics of the system, looking for the
minimum power loss, the objective function is

min
Xn

k�1

Xn

i�1
SLoss-ik (10)

The constraint equations are

Pm � PL � P�V; �� � 0 (11)

Qm �QL �Q�V; �� � 0 (12)

The power constraint is

X

k2�
Pg;k �

X

d2�
PL;d �

Xn

k�1

Xn

i�1
SLoss-ik (13)

The line heat-stable bound is

jI�V; ��j 
 �I (14)

The node voltage magnitude constraint is

Vmin 
 V 
 Vmax (15)

The generator active- and reactive-power constraints are

Pmin
m 
 Pm 
 Pmax

m (16)

Qmin
m 
 Qm 
 Qmax

m (17)

The load constraint is

Pmin
L 
 PL 
 Pmax

L (18)

B. Particle Swarm Optimization

For the aircraft electric power system, as shown in Fig. 1, an
appropriate optimization algorithm must be used to obtain the opti-
mal load to minimize the system transmission power loss. Particle
swarm optimization (PSO) is an optimization algorithm that is
widely used for solving global optimization problems. It was
originally proposed by Kennedy and Eberhart [18].

A PSO algorithm is easy to implement with low CPU speed
requirements. However, the PSO algorithm itself is a group of
intelligent optimization algorithms, which also exist in the problem
of trapping into the local optimum. Especially when the system is
relatively complex, with more local extreme values, the easier it will
be trapped into local optimum. Therefore, many researchers are
devoted to solving this problem. Angeline [19] incorporated PSO
with an explicit selection mechanism to improve PSO. Shi et al. [20]
presented a hybrid evolutionary algorithm based on PSO and genetic
algorithm (GA) methods through crossing over PSO and GA, which
possess better ability to find the global optimum than that of the
standard PSO algorithm. Wang and Li [21] integrated PSO and
simulated annealing to improve the performance of PSO. Jiang et al.
[22] proposed an improved particle swarm optimization.

In this paper, a population of points is sampled randomly from the
feasible space. Then the population is partitioned into several
subswarms, each of which is made to evolve based on PSO. The
traditional PSO algorithm initializes a group of random particles at

first. Then particles are just following the current optimum particles
to search the optimal solution in the solution space. Suppose that
position and velocity of the mth particle in d-dimensional space are
Xm � �xm;1; xm;2; . . . ; xm;d� and Vm � �vm;1; vm;2; . . . ; vm;d�. The
particles update their own value by tracking the two best values.
The first one is the optimal solution of the particle Qm�
�qm;1; qm;2; . . . ; qm;d�, and the second is the global optimal solution
Qg.

Finding these two optimal values, the particles update their own
velocity and a new location as follows:

vm;j�t� 1� �wvm;j�t� � c1r1�qm;j � xm;j�t�	 � c2r2�qg;j � xm;j�t�	
(19)

xm;j�t� 1� � xm;j�t� � vi;j�t� 1�; j� 1; 2; � � � ; d (20)

The velocity range is [�vmax, vmax].
In this paper, the improved particle swarm algorithm is presented.

In the calculation process, the space will be randomly divided into a
number of subgroups. Each subgroup updates the particle position
and velocity. After several generations, in order to achieve infor-
mation sharing, subgroups are mixed and then reallocated.

IV. Simulation and Analysis

According to the characteristics of the aircraft electric power
system, the system has four generators, nine nodes, and five
loads. The active-power range of each generator is �Pmin; Pmax	�
�10 kW; 80 kW	, and the reactive-power range of each one is
�Qmin; Qmax	 � �0 kvar; 80 kvar	. The parameters of transmission
lines between nine nodes are shown in Table 1. Total apparent power
load is 180.28 kVA and remained unchanged in various conditions.

The initial conditions are that the load is divided into two
categories. Load 5 belongs to type II, and its active and reactive
powers are �PL�II; QL�II	 � �50 kW; 20 kvar	. Others belong to
type I, and the active and reactive powers are �PL�I; QL�I	�
�30 kW; 10 kvar	. It means that the loads are in a symmetrical
distribution. FromEq. (9), the original transmission power loss of the
system is Plosses � 1:847 W.

To illustrate the problem, the simulations are divided into five
conditions. First, analyze the impacts to power losses when only
active and reactive powers of type I are changed, while keeping the
type II unchanged. Second, while keeping type I and changing the
active and reactive powers of type II, analyze the impacts. Third,
while maintaining the location and apparent power of existing loads,
analyze the impacts to the power losses when both load types are
changed. Fourth, keeping the existing loads’ apparent powers
unchanged and changing their locations, research the impacts of
locations to the transmission power losses. Finally, keeping the
system total apparent power and changing the loads into the same,
study the impact to the transmission power losses when active and
reactive powers are changed.

Under every condition, the minimum power loss is obtained with
PSO. In the PSO process, each active or reactive power is viewed as a
particle. The space will be divided into a number of subgroups with

Table 1 Line parameters

Line Impedance/p.u. Reactance/p.u.

1–5 0 0.0576
2–5 0.0170 0.0920
3–6 0.0390 0.1700
4–6 0 0.0586
5–7 0.0119 0.1008
5–8 0.0085 0.0720
6–8 0 0.0625
7–9 0.0320 0.1610
8–9 0.0100 0.0850
—— —— ——
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active or reactive powers. Under certain conditions, minimum power
loss will be obtained.

After simulation, comparing the minimum power loss of the five
conditions, the final optimal load configuration will be obtained.

The simulation and analysis process is as follows:
1) Analyze the impacts to power losses when only active and

reactive powers of type I are changed. Maintaining the apparent
power of type I unchanged as in the original system, the load active
and reactive powers are changed between the two extreme points of
only the active and only the reactive powers. The simulation result is
shown as in Fig. 6. It can be see from the figure that changing active
and reactive powers of type I will impact the system transmission
power losses of aircraft electric power system, and there is a
minimum power loss in this condition. Using PSO, the minimum
power loss is obtained as 1.400 W, which is 75.80% of the original
system. The load configuration of type I is that active power and
reactive power are 0 kW and 31.62 kvar.

2) Keeping type I while changing the active and reactive powers of
type II, analyze the impacts. Keeping the apparent power of type II

unchanged as in the original system, the load active and reactive
powers are changed between the two extreme points of only the
active and only the reactive powers. The simulation result with this
condition is shown as in Fig. 7. When changing the active and
reactive powers of type II, system transmission power losses of
aircraft electric power systemwill be also changed, and there is also a
minimum power loss in this condition. Using PSO, the minimum
power loss is obtained as 1.5384 W, which is 83.30% of the original
system. The load configuration of type II is that active power is
1.850 kW, and reactive power is 53.8182 kvar.

3) Analyze the impacts to the power loss when active and reactive
powers of both load types are changed. Maintaining the load itself
with apparent power unchanged as in the original system, the load
active and reactive powers are changed between the two extreme
points of only the active and only the reactive powers. The simulation
results are shown in Fig. 8, where Fig. 8a indicates the type 1 load
variation curves of active power and reactive power and Fig. 8b is the
system transmission power losses. Figure 8 shows that with the load
changes, the system transmission power loss looks like a bathtub
curve. It means only active-power or only reactive-power load is not
effective at reducing transmission power loss. When the system load
has an appropriate ratio of active power and reactive power, the
system transmission power loss is minimized and the system is
optimal. Therefore, it is necessary to adopt appropriate optimization
algorithm to obtain the optimal active- and reactive-power ratios of
the load to achieve the purpose of improving the system transmission
capacity. Using PSO, the optimal active and reactive powers of the
loads with minimum line transmission power loss are as shown in
Table 2. Compared with existing systems, the transmission power
losseswith the optimal load are 86.25%of the original system,which
increase the system’s transmission capacity significantly.

4)With afixed load value, research the impacts of the load position
to the transmission power losses. This step studies the transmission
power losses with different load locations. Consider the situation in
which the load values are the samewith the initial configuration, and
type II is varied between load 1 and load 5. There is only one load
with type II, and the others are type I. The simulation results are
shown in Table 3. From Table 3, the relationship between power loss
and load location is obvious for the entire system. Relative to the
existing system, after changing the locations, the transmission power
losses are 80.08, 76.56, 98.97, and 82.13% of the original system.
For a fixed-load system, according to the system characteristics, the
most appropriate access methods to effectively improve the system
transmission capacity can be found . For this system, the optimal load
configuration at this time is load 2with type II and the rest with type I.
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Fig. 6 Active and reactive powers of load type I and the transmission
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5) When all the loads are the same, analyze the impact to the
transmission power losses with different active- and reactive-power
ratios of the load.

When loads are all the same and the total apparent power is
maintained at 180.28 kW, the relationship between transmission
power loss and load power is as shown in Fig. 9. Figure 9a shows the
load active- and reactive-power curves. Thevertical axis is the active-
power value, and the abscissa is thevalue of reactive power. Figure 9b
is the system transmission power loss curves with the load changing.
It can be seen from Fig. 9b, with the proportion of load active and
reactive powers changing, that transmission power is also changing
like a bathtub curve. Therefore, a specific proportion of active and
reactive powers in this condition must exist with the minimum
transmission power loss.

With the PSO algorithm, the minimum transmission power loss is
1.3228 W in this condition. The load configuration active power is
24.056 kW and reactive power is 26.258 kvar. Compared with the
original system, the power loss is 71.62% of the original system.

With the above five kinds of conditions, we compare the trans-
mission power losses. It can be seen that in this system, the power
losses existed in the systemwith the same load type. Therefore, it can
be concluded that when all loads are the same, where active power is
24.056 kW and reactive power is 26.258 kvar, the power loss is
minimum, which equals 1.3228W.And at this time, the transmission
power loss is 71.62% of the original system. This load configuration
improves the system of energy transmission capacity effectively.

V. Conclusions

A node table-style format of the aircraft electric power system is
proposed. The transmission power loss equations are modeled by
introduction of the power flow calculation method. Using particle
swarm optimization algorithm, the minimum transmission power
loss is obtained with the different system load types. Comparing the
different load types impacting the power losses, the optimal load
configuration is obtained.
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