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Abstract: With the rapid development of new energy technologies, distributed power generation technology has attracted
widely attention. The advantages of them are small investment, clean and environmental protection, reliable, and flexible power
supply. They can output (or absorb) continuously adjustable reactive power and participate in the reactive power optimisation,
which can keep the balance of reactive power and optimise the distribution of reactive power flow. In this study, firstly, the power
flow model of typical distributed power supplies: wind power, solar power, and gas turbine power generation are researched.
Then, the distributed power supply as a continuously adjustable reactive power device, combined with the traditional equipment,
participate in reactive power optimisation. An objective function considering system loss is proposed to find optimal solution.
Finally, the IEEE33 node system is used for verification. Results show that the distributed power supply can effectively reduce
the system loss and improve the voltage stability. Meanwhile, the effectiveness and feasibility of the improved algorithm are
verified. The optimisation of this study is the combination of genetic algorithm and immune algorithm. It can make up for the lack
of local optimisation ability of genetic algorithm. Compared with the single algorithm, the global optimisation ability is greatly
enhanced.

1 Introduction
Distributed power supply has the characteristics of modularity,
small dispersion, energy conservation and environment protection,
energy diversification [1–3]. Reasonable configuration for access
point and capacity of the distributed power supply can balance the
load on-site, support system voltage, and reduce the system loss.
Meanwhile, by adjusting the output of the reactive power to
participate in the reactive power optimisation of distribution
network, distributed power supply can help reduce operating costs
and improve operating efficiency to some extent [4, 5].

At present, there are many model algorithms for parallel
network optimisation of the distributed power supply, such as
multi-objective function normalisation weighting method,
environmental benefit incentive factor method, and annual
investment running cost fuzzy expected minimum method [6]. The
optimisation algorithm [7–9] includes internal point method,
genetic algorithm, particle swarm algorithm, fuzzy algorithm and
so on. In Zhao and Geng [10], the non-linear mathematical model
of the power system is introduced, which is based on the minimum
weighted sum of the system loss, the out of limit value of node
voltage, and the amount of reactive power generation. The if–then
rules to accelerate the convergence of genetic operation effect
based on natural selection and genetic mechanism of genetic
algorithm is introduced, however, the local search ability of the
genetic algorithm is weak, thus it will lead to problems such as
early maturity when iteration times are huge. Early maturity makes
the algorithm difficult to meet the needs of the actual operation
optimisation. Zhong et al. [11] propose an immune algorithm for
reactive power optimisation of the power system. The algorithm
adopts the selection mechanism of affinity calculation and avoids
the local optimal solution effectively. Through the mechanism of
antigen memory, local search ability and calculation speed are
improved. However, the convergence rate is slow and time-
consuming.

In this paper, the power flow model of wind power,
photovoltaic power, and micro gas turbine is established [12–15],
then, this paper proposes an objective function basing on loss
reduction. Meanwhile, this paper takes two constraints into
consideration. Firstly, whether the basic voltage is within the

reasonable range. Secondly, the limits of the number of shunt
capacitors and the voltage regulating transformers. The
optimisation problem is solved by using genetic immune algorithm
to discrete the solution space of the optimisation problem. The
advantages of genetic immune algorithm are as follows. Firstly, it
is easy to realise. Secondly, the objective function limit is less, so it
makes dealing with discrete variables easier, and makes searching
to the global optimal solution to a larger probability. The
disadvantages are that the local search ability is weak, more
iteration, and time-consuming. As for the immune algorithm the
advantages are that the local search ability is strong, the calculation
speed is faster. The disadvantages are that the convergence speed is
low, the calculation precision is not high and it is easy to produce
early maturity. The combination of these two algorithms can
improve the optimisation speed effectively to meet the need of
actual operation optimisation.

2 Typical power flow model of distributed
generation
2.1 Wind power generation

The asynchronous motor directly connected to the grid generator
system and the doubly fed power generation system are commonly
seen in the wind power system. The equivalent node types are
different in the power flow calculation due to different operation
modes and control strategies.

2.1.1 Asynchronous motor directly connected to the
grid: Asynchronous motor directly connected to the grid is often
used in the early stage of wind generation. Since the asynchronous
generator has no excitation system itself, it relays on absorbing the
reactive power form the power grid to build the magnetic field, and
it has no voltage regulation capability. So asynchronous generator
outputs active power and absorbs certain reactive power from the
system at the same time, the amount of the reactive power
absorbed is determined by the slip ratio and node voltage. In order
to reduce losses, the principle of the local compensation of reactive
power are generally adopted, it is realised by switching the parallel
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capacitor group in wind generations. Simplified model of the
asynchronous generator are shown in Fig. 1. The parameters are
explained as follows: Xm is the excitation reactance, Xs is the stator
leakage reactance, Xr is the rotor leakage reactance, Xc is the
machine terminal parallel capacitor, rr is the rotor resistance, s is
the slip ratio, the stator resistance is negligible.

US = −P s2x2 + rr
2

rrs
(1)

Q = − US
2

xp
+ Px

rr
s (2)

x = xs + xr (3)

xp = xcxm
xc − xm

(4)

For the wind field, the output of the active power is related to
the wind area, wind speed, and air density of the blades, which can
be expressed as (5)

Pm = ρSv3Cp/2 (5)

The parameters are explained as follows: ρ represents the air
density in kg/m3; S represents for the swept area of rotor; C
represents for rotor power coefficient which can reach 0.67
theoretically.

In the power flow calculation, P can be considered as a given
value so the reactive power Q absorbed is related to the terminal
voltage U and the slip ratio s, so the function relation of the
absorption Q of the asynchronous wind generator with U and s can
be introduced as (6)

Q = − US
xp

+ −V2 + V4 − 4P2x2

2x (6)

It can be seen that the active power generated by the asynchronous
generator is a fixed value, and the reactive power is related to the
terminal voltage and the slip ratio. In the power flow calculation,
this kind of power node is called voltage static characteristic node.
During the calculation, the voltage is modified, and the reactive
power absorbed by the asynchronous generator is calculated
according to the modified voltage amplitude. In this way, the node
is transformed into a node which can be processed by the
traditional load flow algorithm, and the equivalent represents the
difference between the reactive power absorbed by the generator
and the original compensation reactive power. The advantages of
this method are that it has good accuracy, the calculation quantity
is small, and the speed calculation is fast.

2.1.2 Doubly fed power generation system: The steady-state
equivalent circuit of the doubly fed wind generator is shown in
Fig. 2. The parameters are explained as follows: Xm represents for
the excitation reactance, Xs represents for the stator leakage
reactance, Xr is the rotor leakage reactance, rr is the rotor
resistance, rs is the stator resistance, rm is the excitation resistance. 

The total active power Pe injected to the power system by the
generator consists of two parts, one part is the active power
generated by the stator winding PS, which can be obtained by the
wind speed power characteristic. The other part is the active power
generated or absorbed by the rotor winding Pr, which is injected to
the system when the rotating speed is higher than the synchronous
speed. When the speed is lower than the synchronous speed, the
rotor winding absorbs the active power from the system. Reactive
power also consists of two parts, one part emits or absorbs reactive
power generator by the stator side and the other part emits or
absorbs reactive power from the rotor side. According to the
different control modes, the doubly fed power generation can be
equivalent to different power nodes. The control modes are
controlled by constant power factor and controlled by constant
voltage.

According to the equivalent circuit model of the double-fed
wind motor, in the case of ignoring the stator winding resistance,
the active power generated on the rotor winding is represented as
(7)

Pr = rrx2 Ps
2 + Qs

2

xm
2 Us

2 + 2rrx
xm

2 Qs − sPs + rrUs
2

xm
2 (7)

The total active power injected to the system:

Pe = Pr + Ps

= rrx2 Ps
2 + Qs

2

xm
2 Us

2 + 2rrx
xm

2 Qs + 1 − s Ps + rrUs
2

xm
2

(8)

In the above formula, x = xs + xr, Ps can be obtained by the wind
speed power characteristic, and the slip ratio can be obtained by the
speed control law of the double-fed wind turbine s = ω1 − ω /ω1.
In which ω1 represents the synchronous speed of the generator, and
it is generally a fixed value, represents the rotor speed. When
controlled by constant power factor, the reactive power of the
stator windings is Qs = Pstan φ. Due to the small amount of active
power transmitted by the converter, the reactive power emitted or
absorbed by the converter is also small, and the reactive power of
the wind turbine Qe is approximately equal to Qs

Qe = Qs = Pstan φ (9)

Pe = Pr + Ps

= rrx2Ps
2

xm
2 Us

2 1 + tan2 φ + 1 + 2rrxtan φ
xm

2 − s Ps + rrUs
2

xm
2

(10)

At this time, in the power floe calculation, the double-fed wind
turbine controlled by constant power factor is equivalent to the PQ
node.

When controlled by constant voltage, wind field node can be
used as a PV node in power flow calculation, but due to the
reactive power on stator side is effected by stator winding, rotor
winding, and the limitation of the maximum current of the
converter, so various constraints should be considered.

2.2 Photovoltaic power generator

The photovoltaic power generation system is shown in Fig. 3: UPV
is DC voltage of the battery output; m is the adjusting parameter of
the inverter; φ is the leading angle of inverter; UAC is the AC
voltage output from the converter; XT represents for the
transformer equivalent reactance; Ug Is the system bus voltage; δ
and θ are the phase angles of voltage, and meets φ = δ − θ. 

Fig. 1  Simplified model of the asynchronous generator
 

Fig. 2  The steady-state equivalent circuit of doubly fed wind generator
 

J. Eng., 2019, Vol. 2019 Iss. 16, pp. 1280-1284
This is an open access article published by the IET under the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/3.0/)

1281



The amplitude of UAC and UPV have the following relationship:

UAC = mUPV (11)

P = UACUg
XT

sin δ − θ = mUPVUg
XT

sin φ (12)

Q = UACUgcos φ
XT

− Ug
2

XT
= mUPVUgcos φ

XT
− Ug

2

XT
(13)

According to the above equations, the control of active power and
reactive power of the photovoltaic power generation system are
realised by controlling parameters φ and m. Therefore, in power
flow calculation, photovoltaic power generation system can be
regarded as PV node. Photovoltaic power station does not need to
absorb reactive power from the system during normal operation,
the lower limit value can be zero. If the reactive power of the grid
node is out of limit, the node can be treated as PQ node, and the
reactive power injected into the system is ether the upper limit or
the lower limit of reactive power output.

2.3 Gas turbine power generation

There are two main structures of micro gas turbine generator
system, one is the split shaft structure and the other is uniaxial
structure. The power turbine and gas turbine of the split shaft use
different rotating shafts. The power turbine is connected with the
generator through the transmission gear, so it can be directly
connected to the power grid. Uniaxial compressor, gas turbine, and
generator are coaxial, the generator speed is higher than the grid, so
it is necessary to use a converter to convert the generator frequency
to the power frequency before connected to the power grid.

Split shaft micro gas turbine is directly connected to the power
grid through a synchronous generator. In general, a synchronous
generator with excitation regulation capacity is used as the
interface, the excitation control adopted is controlled by voltage
and power factor. Distributed power supply with voltage control
can be used as a PV node in power flow calculation, and the
distributed power supply with power factor control can be used as
PQ node. Therefore, the split shaft micro gas turbine can still be
processed in the traditional way in the power flow calculation. In
the power flow iteration process, if the reactive power of PV node
is out of limit, it should be converted to the corresponding PQ
node. If the node voltage is out of the limit in subsequent iterations,
it should be re-transformed into a PV node.

The single shaft micro gas turbine system speed is higher than
the grid, so it is necessary to use a converter to convert the
generator frequency to the power frequency before connecting to
the power grid. Network circuit diagram is shown in Fig. 4. 

If the rectifier side uses diode uncontrolled rectifier, KR, KDC
are the equivalent coefficient of the AC part and the DC part; λR is

the current calculation coefficient; IR is the current amplitude of
the rectifier; IDC is the current amplitude of the DC equivalent.

IR = KR
KDC

λR IDC (14)

The power supply can be equivalent to the active power output and
the power grid input current constant PI node. The corresponding
reactive power can be calculated by the voltage, constant current
amplitude, and active power calculated by the previous iteration.

Qk + 1 = I 2 ek
2 + f k

2 − P2 (15)

where Qk + 1 is the reactive power value of the k + 1 time, ek and fk
represent real and imaginary parts of distributed power supply for
the kth iteration; I is the amplitude of constant phase current
injected into the power grid; P is the constant active power value.
Therefore, the value of reactive power injected into the PI node can
be calculated before each iteration, and the PI node can be
processed into PQ nodes in the k + 1 iteration.

3 Distributed power grid optimisation design
3.1 Mathematical model

Considering the losses, the scheme of reactive power optimisation
which includes distributed generation (DG) is proposed, and
optimal solution is obtained through genetic algorithm and immune
algorithm. The specific mathematical models conclude objective
function, constraint conditions, evaluation index and so on.

3.1.1 Constraint conditions: The allowable range of each node
voltage is

Vimin ≤ Vi ≤ Vimax (16)

where Vi represents for voltage of node i, Vimin represents for the
allowable minimum voltage of node i, Vimax represents for the
allowable maximum voltage of node i, in this paper, Vimin is set to
0.95 p.u., and Vimax is set to 1.05 p.u.

In addition to the fundamental voltage, constrain conditions of
tap number and capacitor groups should also be considered due to
the reactive power optimisation is obtained with the regulating
transformer, distributed power supply, and parallel capacitor. The
constraints of compensation devices are as follows:

TRimin ≤ TRi ≤ TRimax

CPimin ≤ CPi ≤ CPimax

Qimin ≤ Qi ≤ Qimax

(17)

where TRi is the tap position of the transformer i, TRimax and
TRimin represent for the upper and lower limits of the tap position.
CPi is the group number of parallel capacitor i, CPimax and CPimin
represent for the upper and lower limits of the group number. Qi is
the reactive power of the ith DG, Qimax and Qimin represent for the
upper and lower limits of the reactive power. Note that TRi and CPi
are determined mainly by the tap position and capacitor group
number, reactive power output is discrete, reactive power output of
DG can change continuously, so the solution conducted by using
DG is better, this is why DG should be introduced into reactive
power regulation.

3.1.2 Objective function: Considering the losses, the scheme of
reactive power optimisation which includes DG is proposed. In
addition to the losses, the four constraints mentioned above should
also be included. The specific formula is shown below:

f A = Ploss + PV + PTR + PCP + PDG (18)

Fig. 3  Photovoltaic power generation system
 

Fig. 4  Micro gas turbine system's network circuit diagram
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where Ploss represents the network loss value, and the remaining
items are the penalty functions related to the constraint conditions.
The subscripts correspond to each other without elaboration. The
specific method of penalty function can be determined according to
the actual project. This paper chooses to represent the product of
the more limited times and the penalty factor. The value of the
penalty factor can be determined according to the proportion of
equipment invested in the actual project.

According to the above formula, the variables of each group are
>0 regardless of the actual situation. The value of the objective
function is also >0. The smaller the value, the better the effect of
this configuration when using the network losses as the objective
function.

3.1.3 Fitness evaluation: As can be seen from above, the
objective function value is always >0 and the smaller the better. In
the following process of solution, if the objective function values
are very similar in different configurations, it is difficult to
determine whose effect is better and which solution is better. So the
concept of fitness evaluation is introduced. Combining with the
discussion above, the fitness evaluation function is defined as the
reciprocal of the objective function, as (19)

f F = 1
f A

(19)

Then the measure becomes a decimal from zero to one, and the
larger the value, the better the configuration.

3.2 Reactive power optimisation scheme based on genetic
immune algorithm

Using the mutation of the gene in biology and the cross mutation of
the chromosome, genetic algorithm can make devices participate in
the reactive power optimisation directly. It avoids the high
requirement of derivability, continuity and so on of traditional
optimisation algorithm functions, and it is not necessary to iterate
through all feasible solutions which means plenty time and space
can be saved. By simulating the survival of the fittest in the
evolutionary process, it retains a better solution after comparison,
without setting explicit parameters, so that it can consciously
search for better space. The probability of producing the optimal
solution is increased multiply after the propagation of the optimal
solution is multiplied, and the cost of time is greatly reduced. The
disadvantage is that local search capability is weak. In this paper,
on the basis of genetic algorithm combined with antibody affinity
index of immune algorithm, using immune algorithm and local
optimisation, after a number of optimal solutions are selected by
the genetic algorithm, to further speed up the optimisation process.

Based on the specific process of genetic immune algorithm
described above, the practical scheme of this paper is designed.

3.2.1 Coding scheme: The reactive power devices researched in
this paper have different types of variables, some are continuous
and others are discrete. In order to unify the different variables, and
make them easy to calculate, this paper used the binary method to
encode variables. That is to say the output of continuous reactive
power is divided into several parts. In order to get closer optimal
solution, the reactive power should be divided as many parts as
possible. Combining with practical engineering experience, the
reactive power is divided into 256 parts, which means to encode
distributed power supply, voltage regulating transformer and series
capacitor compensator with eight bits. Due to the number of
transformer taps and capacitor groups are far <256, the low digit is
normally used, and the high digit is replaced by 0. For example, all
possible scenarios of the input of 6 × 200 kvar capacitor bank, can
vast from 000 to 110. All the possible output scenarios of can be
expressed in 00000000 to 11111111. The corresponding
relationship between the code and the actual reactive value is
calculated by (20), is the decimal number that is converted from
the code.

QDG = n
256 × Qmax − Qmin + Qmin (20)

In this way, the reactive power output from is divided into 256
parts, each unit has the value of (Qmax − Qmin)/256.

3.2.2 Adaptive population size: The genetic immune algorithm
selects the optimal solution by comparing the fitness evaluation
value of each individual. That is to say, each time an individual is
generated, the load flow should be analysed, and the evaluation
index should be gained. Therefore, the number of individual
population will affect the progress of the whole algorithm, which is
closely related to the occupancy of time and space. If a small initial
population is chosen for a quick calculation, the space of the
optimal solution will be small, and the accuracy of the result
cannot be guaranteed. If a large initial population is selected to
ensure the correctness of the results, the computational speed will
be significantly reduced. In order to take account of the calculation
speed and the search space, a method to automatically change the
population size according to the calculation stage is proposed.

The method proposed above can be realised by several steps:
firstly, establish an initial population collect ion with two times of
the total number of the actual individual. Secondly, cross breed the
first generation, the total number of the second generation is
consistent with the actual number. The second generation is a
group of upgraded individuals, compared with the direct
application of the actual individuals, the amount remains the same
but the search scopes, which makes it easier to find the optimal
solution. Thirdly, cut half of the original population. Useless works
will be done if the full size of the population is still being used in
the following calculation procession, since the difference in
evaluation between individuals is negligible. In this way, both the
computational speed and the search space are taken into account,
which is more conducive to optimisation.

3.2.3 Genetic operations: The basic steps of genetic
manipulation include selection, crossover, and mutation. If the
methods of crossover and mutation remain the same all the time, it
can lead to results such as being trapped in local optimum while
wasting a huge amount of time.

Therefore, this paper puts forward the concrete method of
adjusting cross-exchange according to the total number of
individuals. When the population is large, e.g. which shows that
there would still be a long period before optimal solution can be
gained. This is the time that cross-exchange should be made in the
unit of equipment to search the optimal solution in a wide range.
When the population is small, which illustrates the difference
between individual fitness values is small, the single point
crossover and mutation method should be made to jump out of
local optimum. The probability of cross mutation is set according
to the actual situation of the calculation example.

Immune manipulation in the paper mainly considers double
cloning and high-frequency mutation. In order to maintain the
diversity of the population, the best individuals in each generation
will be copied, then choose a few of them for high-frequency
mutation. Avoid falling into the local optimum.

4 Case study
This paper uses the node system IEEE33 to verify the feasibility of
the proposed algorithm. The base power of the system is 10 MW
and the reference voltage is 12.66 kV.

Combine the optimisation algorithm proposed in this paper, on
the basis of the other parameters remain the same, add one on-load
voltage regulating transformer whose adjusting range is set to 0.9–
1.1 (p.u.) in the node distribution system IEEE33. The tap
adjusting range is + 8, that is to say, the unit adjustment amount is
1.25%. In addition, add 2 with the ability of reactive power
compensation, and both active outputs are 1 MW, and the range of
reactive output is within the range of −100–500 kvar. Add two sets
of parallel capacitors with, respectively, four and seven groups,
which means that the maximum reactive output can reach 600 and
1050 kvar, respectively. Put the on-load voltage regulating
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transformer between the source and node 1, then two distributed
power supplies are added to nodes 2 and 13, respectively. The
parallel capacitor groups are added to access to nodes 6 and 31
[20], respectively.

The node system after adding devices is shown as Fig. 5. 
In order to verify that distributed power access distribution

network can effectively reduce system loss, power flow
calculations are carried out for DG node-containing power
distribution system and original node power distribution system,
respectively. The comparison results are shown in Table 1. 

As is shown in Table 1, distributed power access distribution
network can effectively reduce network loss.

To verify the feasibility of the reactive power optimisation
algorithm based on genetic immune algorithm, the example
presented above is programmed and power flow is calculated.

The calculated results are compared with those based on
traditional genetic algorithm. To ensure the veracity of the
comparison results, multiple calculations should be made. The
comparison results are shown in Table 2. 

As is shown in Table 2, the veracity of genetic immune
algorithm is verified by comparing the results from five
experiments with those recorded from the traditional genetic
algorithm since little differences can be seen in between.

Verification of the phenomenon that the algorithm can speed up
the optimisation. The calculated results are compared with the
traditional genetic algorithm though run time and network loss.
The results are shown in Tables 3 and 4. 

By comparing the results of Tables 3 and 4, it can be found that
proposed algorithm consumes less time and reduces the system loss
more effectively than the traditional one, if optimisation proceeds
to the same algebra.

5 Conclusion
A typical trend of distributed power supply model is built in this
paper, regarded as a continuous adjustable reactive power device,
the distributed power can optimise reactive power of the power
grid combined with the traditional reactive power compensation
equipment. Based on the objective function of network loss, the
genetic algorithm is combined with the immune algorithm to
enhance the global optimisation ability of the algorithm. Finally
using the IEEE33 node system for verification, the comparison
results show that the participation of distributed power supply can
effectively reduce the system network loss and improve the voltage
stability, meanwhile, the feasibility and effectiveness of the
improved algorithm is also verified.
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Fig. 5  The node system after adding devices
 

Table 1 Comparison results of DG and original system
Times 1 2 3
system original 204.972 202.305 202.793
loss, kw DG 76.298 76.301 76.312

 

Table 2 Comparison results of optimisation algorithms
Traditional Genetic 1 Immune 2

ratio 1.05 1.05 1.05
DG1, k var 479.6 481 498
DG2, k var 298.7 291 288
C1, k var 600 600 600
C2, k var 750 750 750
loss, kw 78.972 76.802 76.195

 

Table 3 Results of original genetic algorithm
Calculation order Original genetic algorithm

Algebras Time, s Loss, kw
1 10 25 103.905
2 20 38 93.401
3 30 57 78.972

 

Table 4 Results of genetic immune algorithm
Calculation order Genetic immune algorithm

Algebras Time, s Loss, kw
1 10 15 102.305
2 20 27 85.297
3 30 34 76.195
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