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ABSTRACT

An efficient and versatile intelligent algorithm is developed for the control of the cabin environment of wind
power generators. The method can be used to monitor and solve wind power generation problems at the same
time. It also provides several advantages with respect to other traditional methods which imply significant work-
load and maintenance personnel. The functional requirements of the intelligent control system are analyzed, and
a control algorithm for the stepping motor is selected and evaluated. Through the comparative analysis of the
active power and internal temperature curve for three kinds of output power of the prototype, it is proved that
the environmental intelligent control system greatly improves the operation efficiency, solves typical problems in
the ventilator room environment, and provides a solid theoretical basis for further research in this field.
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1 Introduction

Energy is the most crucial material basis for the development of human society, as well as the focus of
the world. It often leads to economic, military and diplomatic conflicts. The world economy has maintained
rapid growth for a long time, which benefits from the protection of various energy sources. However, it must
be admitted that the world’s energy resources are limited, especially coal, oil, natural gas and other non-
renewable resources, and their proven reserves are very limited [1]. Moreover, global industrialization has
led to a further increase in the demand for these traditional energy sources. Only vehicles such as cars
and airplanes can consume most of the resources every year.

Relevant statistics prove that the consumption of coal, oil and natural gas in the world has increased rapidly
since the 20th century. The total amount has increased 20 times from the beginning of this century to the end of
this century. It seriously affects the scope of the ecosystem, and directly affects the living environment of the
country to a great extent [2]. In particular, the combustion of fossil fuels will produce massive carbon monoxide
and dust, leading to serious air pollution. Improper control will cause water pollution, and the greenhouse effect
is also caused by the combustion of fossil fuels [3]. The production of carbon dioxide (CO,) is also increasing
rapidly at present, leading to a significant increase in the global greenhouse effect, and making the trend of
global warming more obvious. Even worse, the melting of polar glaciers will exert an irreversible impact on
people’s living environment, and cause damage [4].
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This exploration is to study the control of the ventilation system and intelligent filtering system in the
ventilator room, so as to improve the cleanliness of the ventilator room environment, reduce the overall
environment temperature, reduce the gearbox oil temperature fault, save manpower and material
resources, and improve the operation efficiency of the wind turbine. Hence, it has a good application
prospect and crucial practical significance. The research innovation is that the online identification and
analysis of the cabin data is conducted through the comparison and research of various control
algorithms, along with the operation of the fan and the internal characteristics of the cabin. The
temperature difference and temperature change are taken as the input, and the temperature value detected
is adjusted to meet the requirements of the cabin environment temperature. Meanwhile, the axial-flow
motor and stepping motor are controlled, and the air supply action and the feed action of the filter screen
are carried out in the cabin, so as to keep a stable temperature and clean environment in the cabin.

2 Method Overview

The properties of air flow in the cabin, needed for the implementation of the control algorithm, are
determined using CFD. The related governing equations and the solution method are illustrated in
Sections 2.1 and 2.2.

2.1 Governing Equation

All CFD simulations are based on these basic governing equations, and the basic governing equations of
fluid mechanics are based on the basic physical principles followed by fluid flow (Law of conservation of
mass, law of conservation of momentum and law of conservation of energy).

2.1.1 Mass Conservation Equation

According to the law of mass conservation, the increase in mass per unit time of a fluid micro element is
equal to the net mass flowing into the fluid micro element at the same time interval. Accordingly, the
differential form of the mass conservation equation (also known as the continuity equation) can be
obtained [5]:
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By introducing the divergence symbol div(a) = da,/0x + Oax/Jy + Oay/0z, it can be obtained that:

=0 (1)

Op

g T divipu) =0 @
If vector operator V.a = div(a) = day/0x + Oax/dy + Oay/0zis introduced, Eq. (1) can be written as:

Ip

5T Ve =0 ©)

For an incompressible homogeneous fluid, the density is constant, so it can be obtained that:

ou Ov Ow
bt I A 4
6X+ 8y+ 0z 0 @)
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d(pu) , d(pv) = I(pw)
ox + dy + 0z

-0 Q)



FDMP, 2022, vol.18, no.3 565

2.1.2 Momentum Conservation Equation
The momentum conservation equation can be derived from Newton’s second law “F = ma”, also known
as Navier-Stokes (N-S) equation or equation of motion [6]. Its differential form is as follows:

x direction:
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p is the pressure on the fluid micro element; Ty, T4y, and 1y, are components of viscous stress acting on
the surface of fluid micro elements due to molecular viscosity.

For Newtonian fluids, the viscous stress is proportional to the deformation rate of the fluid, including:

Tax = ZM% + Adiv(u) )
Tyy = 2@2—; + Adiv(u) (10)
Ty = ZM% + Adiv(u) (1)
Tay = Tyx= }L(Zuer gz> (12)
Txz = Tox= M(%+ a_::) (13)
e = Ty u<g+ %) (14)

u is the dynamic viscosity, and A is the second viscosity.

grad() = 0()/ox + 9()/dy + 9()/Dz. Sy, S, and S,, are the generalized source terms of the
momentum conservation equation.

After the expansion of Egs. (15)—(17), it can be obtained that:

2.1.3 Energy Conservation Equation

The first law of thermodynamics suggests that for any fluid micro cluster, the change rate of energy is
equal to the net heat flow into the micro cluster plus the power of volume force and area force to work on the
fluid micro cluster. Thus, the energy conservation equation of fluid can be obtained [7]:



566 FDMP, 2022, vol.18, no.3

a(pT k

9(eT) + div(puT) = div <— grad T) + St (15)
ot p

It should be noted that the equation is derived for Newtonian fluid. For non-Newtonian fluids, other

forms of energy conservation equations should be used.

2.2 Numerical Method
2.2.1 Discretization of Calculation Area and Governing Equations

In the process of discretization, the solution domain and the governing equation need to be discretized.
Discretization is to divide the solution domain according to certain principles to form a certain number of
non-overlapping control bodies. The appropriate node is selected to represent the change of the physical
quantity of the control volume. The discretization of the governing equation is to convert this equation to
obtain the corresponding algebraic equation, and correlate the changes of the physical quantities of each
node. In the process of solving the finite element method, a crucial step is to deal with the governing
equations in the solution domain and obtain the corresponding discrete equations. The commonly used
methods in the discretization process include the discretization of hybrid scheme, central difference
scheme and exponential scheme, which can be selected according to needs in the actual application process.

Different discretization schemes have different orders. The lower the order of the discretization scheme
is, the faster the solution speed is and the better the stability is. However, the accuracy is relatively poor. How
to choose the discretization scheme is not only related to the stability of the solution, but also affects the
accuracy of the solution. The solution accuracy mainly considers the influence of false diffusion. False
diffusion refers to the error caused by the truncation error of the discretization scheme of the first
derivative term is lower than that caused by the second order. In this case, the accuracy of the numerical
analytical solution may be significantly affected [8]. In this solution process, on the basis of ensuring the
stability of the solution, the solution accuracy of the high-order discretization scheme is higher. Practical
problems should be considered in the selection of specific discretization schemes [9]. In the process of
discretization scheme selection, considering the influence of these factors, the standard interpolation
function is selected to deal with the pressure term, and the second-order upwind interpolation function is
used as the energy equation.

2.2.2 Algorithm of Numerical Calculation

The control equations related to air flow in the cabin are established based on the above analysis. Then, it is
discretized into algebraic equations by a certain discretization scheme, and the algebraic equations are solved by
computer to obtain the corresponding numerical solutions. In the solution process, the corresponding target
solution area needs to be discretized and divided into a certain number of small units. Next, all the
discretized control equations are calculated and processed. This method is often applied in solving discrete
equations, which can be divided into two types: separation method and coupling method. In different cases,
the corresponding solution methods are also different. In the actual application process, it can be selected
appropriately to better meet the solution requirements. The application proportion of pressure correction
method in this aspect is very high, among which the commonly used semi implicit method has high
application value in computational fluid software [10]. This method is also called SIMPLE method, which
was proposed by Patankar and other scholars in the 1970s. The influence of fluid compressibility is
considered in the calculation process of this method. This method is applied in the simulation process.
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In order to better meet the relevant application requirements, the SIMPLE algorithm has been improved
and perfected in the subsequent application process. Moreover, on this basis, multiple related improved
algorithms are established, including SIMPLER, SIMPLEC and PISO algorithms. According to the
practical application results, the convergence speed of these improved algorithms is significantly
improved, which can better meet the application requirements [11].

2.3 Analysis Method of Temperature Field

The temperature field represents the temperature set of different points in the cabin of the whole wind
turbine in the working process. Generally, it can be divided into transient and steady temperature fields. The
former tends to change with time, while the latter does not. The temperature field in the cabin studied is a
three-dimensional steady temperature field, and its function expression is T (X, y, z) [12]. The research
method is analyzed from the point-line-plane angle, so as to accurately describe the distribution of
temperature field in the cabin of the wind turbine. The details are as follows.

2.3.1 The Angle of the Point

The change of temperature field at different positions in the cabin is different. First, multiple points
symmetrically in the cabin are taken, the temperature of each point is collected through the CFD software
FLUENT, and the distribution of the temperature field is observed and analyzed.

2.3.2 The Angle of Line and Surface

The whole cabin of the wind turbine is longitudinally divided. Different sections of typical positions are
selected in the cabin, such as the section between the position near the cabin wall and the heat source parts,
and the section between the heat source parts and the heat source parts. The temperature field distribution of
the whole section is mainly analyzed in connection with the actual heat dissipation of the cabin of the wind
turbine group [13,14]. Moreover, the centerline of each section is taken and runs through the front end of the
cabin and the rear end of the cabin. The longitudinal variation of temperature in the whole cabin is observed.

2.4 Brief Introduction of Gas Flow Analysis Method

Airflow is the flow of gas. The generation of airflow in the cabin of the wind turbine is complex, which is
affected by the coupling of temperature, humidity, wind speed, air pressure and other factors in the cabin. The
research on the air distribution in the cabin of the wind turbine is mainly based on the analysis of the airflow path
and the distribution of airflow organization. For the wind turbine cabin, the external environment and the wind
turbine cabin continuously carry on the gas heat transfer exchange. The air is sent into the cabin by the external
environment through the air supply outlet. The cold air entering the cabin flows through the gearbox, generator
and other main heat sources and heats them to observe the movement state of the air in the whole cabin.

The heat dissipation performance is evaluated according to the corresponding cabin structure of the wind
turbine. In the research process, the cabin analysis modeling method is mainly adopted, and the airflow
organization model is established and solved.

2.5 Analysis of Heat Production of Gearbox
2.5.1 Heat Calculation of Gear Engagement

If all the energy generated by friction is converted into heat, the heat generated by the gear in the gear
meshing box is completely generated by meshing and close contact. The whole process of gear meshing will
also include the sliding caused by the blocking of a transparent oil cover that may be formed outside the gear,
and the actual meshing completion rate is a function of the close contact coefficient generated in the process
of sliding and meshing. 6 m/s <v <= 30 m/s is usually selected as the pitch line velocity of the gear during
the working time of the fan. The strength K of the load-bearing charge is within the range of 2.5 N/mm <K <
25 N/mm. The power loss equation of gear engagement is:



568 FDMP, 2022, vol.18, no.3

_fmT11710052ﬁw
" 9549M
The above equation includes the friction factor of meshing and the mechanical efficiency M. £,

represents the function among applied loads, which can mainly explain the mechanical properties M
produced in the process of tooth meshing.

(16)

The internal gear ring of the transmission part and the internal meshing of the planetary gear. The
meshing efficiency among gears can be expressed as #,,=1—1,,. The loss coefficient ,, is usually
calculated as follows:

W, = 0.01/A (17)

A represents the correlation coefficient related to meshing. If o= 200, under the condition of constant
position and high displacement, the transmission of spur gear can be determined by consulting relevant
drawings; for internal meshing transmission, the final value in the figure needs to be multiplied by ﬁ u
represents the tooth ratio of a pair of gears calculated, that is, u = 2. In the process of internal meshing,
z, represents the number of teeth of the internal gear; for the helical gear transmission, the value obtained

in the figure needs to be multiplied by 0.8 cos f£.

2.5.2 Bearing Heat Generation Calculation

The bearing can be said to be the part supporting the transmission parts in the whole gearbox, and the
whole bearing will produce contact between points or lines in the process of movement. The heat formed by
constant friction is the main heat source of the whole gearbox in the process of movement. It will also be
accurately calculated in various projects. In general, Palmgren equation is adopted. It is obtained from the
comprehensive detection of the heat data of the gearbox engaged by the gear. Most of the hot energy
generated by the gearbox comes from the close contact of the roller. If the contact generated power is not
consumed, the relationship equation between the energy generated by the bearing is obtained by using the
friction contact torque M and the rotation speed:

0 = 0.1047M (18)

3 Prototype Test of the Intelligent Control System in Cabin Environment

3.1 Composition of System Test Prototype

The system has been installed in a wind farm through simple integration and combination. The power
grid capacity is 100 MW and there are three wind turbines, 12#, 13# and 14#. The environmental protection
intelligent control system has been installed in Dongfang FD70-1500kw 13# wind turbine. Fig. 1 presents the
system wiring topology.

Environmental
cleaning system

— Filtering system

PLC —

Intelligent
—— monitoring
system

. optica .
cablg Photoelectric Photoglecmc cable Industrial PC Monitor
converter switch

Figure 1: System wiring topology
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3.1.1 Design Concept of FD70 Wind Turbine

The main concept to design the FD70 wind turbine is based on the successful experience of 600-750 kW
wind turbine (mainly MW level). People focus on design innovation, while designers focus on the structure
of the whole system and do more research on the system application.

The successful development of FD70 wind turbines has actually led to the adoption of new standards for
second-generation megawatt plants. Regarding economy and reliability of system operation, it is a very
typical wind turbine, and has long-term engineering technology and advanced component technology.

3.1.2 Introduction of the Rotor of FD70 Wind Turbine

The wind wheel can basically maintain a speed between 10.6—19 rpm, and can be replaced at any time
during the operation of the wind turbine. In fact, it is also directly connected to the pitch control system, thus
providing better energy output for the whole system and blade shape [15]. The blade shape is optimized in the
development of wind turbine, and the final blade design fully conforms to aerodynamics and high-precision
technology.

3.1.3 FD70 Fan Control Concept

In the working state of wind turbine, the blade pitch and the whole wind turbine speed regulating device
can achieve the good joint working effect, and basically achieve the ideal balance state. If a part of a specific
load system is also in a low wind speed state, driving the wind turbine can better maintain a more constant
blade pitch and speed, which can be changed at any time [16]. Its main purpose is to maintain the best
aerodynamic range of the wind turbine and achieve the best efficiency.

The wind turbine can obtain a higher wind speed when it works at rated power. At this time, the relevant
speed control system and pitch control system can also maintain good efficiency. The low short-circuit power
of the whole system makes the available grid capacitors work more stably. Fig. 2 shows the communication
control information between the wind turbine variable frequency drive and the main controller.

In general, the blade of this system is a double-row-four-point contact combination. Especially, the roller
bearing and the wind turbine can be adjusted independently when they are connected. Among them, the DC
motor mainly drives the pinion after the planetary gear is replaced. The corresponding pinion can be taken as
internal teeth to better mesh with the four-point contact bearing and drive the whole blade to rotate.

The variable pitch power supply may fail during operation. The whole system should keep a good
pitch to keep a good pitch in this case [17-19]. Each wind turbine blade has a backup battery that rotates
with the blade.

The pitching mechanism can well support the system in addition to more effective control of power
output. The air inlet side of the blade will directly become air if the wind turbine is in the normal
working state of braking operation. The pitch mechanism of each blade works independently. Fig. 3
shows the schematic block diagram.
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Figure 2: Communication control information between variable-frequency drive and main controller of

wind turbine

3.1.4 Power Supply System of FD70 Wind Turbine

The main function of the wind power generation system is to obtain the best energy output and the first-
class power supply quality, which is a crucial structure. In the commonly used doubly fed induction
generator, the wind turbine can still work normally under the condition of continuously variable speed.
Besides, it does not need a high-power inverter to transmit all the power [20]. In other words, it provides
the most effective case for this mode of operation. A great advantage of the variable speed generator is
that it can provide considerable power fluctuation filtering conditions for the system under partial load
conditions. It can realize complete filtering under the rated power. In this case, the wind turbine will not
produce too much noise when it continues to run, which can further reduce the dynamic load on the structure.
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Figure 3: Schematic block diagram

The inverter is also equipped with an electronic microprocessor developed with the latest IGBT
technology. The power supply can fully meet the reactive power management adjustment, and truly
provide high-quality “wind power” with low distortion and low harmonic content.

The low short circuit power of the whole system makes the available grid capacitors work more stably.
Fig. 4 shows the communication control information between variable-frequency drive and main controller
of wind turbine.
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Figure 4: Temperature comparison curve of three groups of prototype gearboxes

3.2 Field Application Feedback of SCADA (Supervisory Control and Data Acquisition) System
3.2.1 Working Principle of SCADA System

The temperature information from the cabin is usually the corresponding analog signal. The signal needs
to be simulated by modem and then converted into digital after it is sent out. Finally, two different output
ports are sent to DCCS50, which allows the structure of multi-machine and multi-network. Two groups of
different signals are sent to the network switch 12#, 13#, 14#, and then sent to other master servers for
data processing. The master server needs to send the signals to the corresponding network switches after
processing them, and then send them to different workstations through optical fiber devices and network
devices. These signals are monitored on the workstations. Various commands from the main control room
will be sent to the server during the centralized control, and then to the cabin ventilation and filtration
system for control [21,22].

3.2.2 Data Acquisition Design

Fast, reliable and stable data acquisition is the premise to ensure the good operation of the SCADA
system. Different applications in different industries also have different data acquisition methods. Discrete
manufacturing workshop itself has the characteristics of multi-variety, small batch and customized
production, which brings great difficulties to field data acquisition [23]. In the traditional discrete
manufacturing workshop, data acquisition is mainly manual input of production process information, and
then the summary in the form of a W table. This traditional data acquisition method will affect the real-
time, integrity and accuracy of the information, and reduce the value of information [24]. The data
acquisition and processing of the SCADA system should be combined with sensor technology and field
wiring technology in the discrete manufacturing digital workshop to realize the automatic acquisition of
the whole process.

3.2.3 SCADA System Components

The main function of the SCADA system is to collect the information contained in each control point
scattered in the field, and then transmit it to the central processing computer through the network. At this
time, the operator can view all information in real-time and monitor all production processes or devices
[25]. Hence, the main components of the SCADA system include the control center, communication
facilities and field device.
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A) Control center. It is a crucial part of the SCADA system and contains multiple different devices, such
as the SCADA server (called maximum transmission unit, MTU), multiple communication routers
and man-machine, all of which are connected to the same local area network [26].

B) Field device. SCADA system also includes multiple related field devices with different functions.
Some of them are adopted to collect all kinds of field data, such as Remote Terminal Unit (RTU),
power line communication (PLC), and some intelligent electronic devices.

C) Communication facilities. MTU is located in the control center and connected with various remote
field devices through various communication facilities set in the system. There are multiple ways of
communication, including telephone lines and special lines. Satellite communication or radio wave
communication can be established according to needs. Fig. 5 displays the systematic block.

I 12# Active power (kw)
I 13# Active power (kw)
I 144 Active power (kw)
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Figure 5: Comparison curve of output active power of three groups of prototypes

4 Feedback Data Analysis of Prototype Test

4.1 Comparative Analysis on the Temperature of Prototype Gearbox

The prototype is installed in the transmission of the intelligent control system in the cabin environment
through the temperature sensor. The SCADA system prototype has no system connection. It is connected to
the SCADA system for 30 days of test data collection to generate the SCADA generation curve, as shown
in Fig. 5.

Fig. 5 displays the temperature curves of the three groups of prototype gearboxes. The intelligent
environmental monitoring system is equipped with 13 fans in the windy and hot weather, and the gearbox
oil temperature is significantly lower than the adjacent 12°C system. Moreover, the temperature can be
kept in a stable range, and the system can fully reduce the working temperature in the cabin.

4.2 Comparative Analysis of Output Active Power of Prototype

In addition to testing the feasibility of cabin temperature intelligent control in the cabin environment
system, the impact on wind turbines can be also determined by comparing the output of three prototypes.
Present computer simulation algorithms for calculating the active power of wind turbines mainly include
the extreme value method, marginal value method and maximum likelihood method. The comparison of
output power curves of three different models shows that the most possible method is more effective.



574 FDMP, 2022, vol.18, no.3

Hence, the measured power curve model is obtained by the nearest probability method and applied to the
comparative analysis of the active power of the prototype.

The 13# function prototype with cabin environment intelligent control system is connected with the
12#-14# function prototype without cabin environment intelligent control system. The test data of
30 days are collected to get the SCADA generation curve.

Fan 13# is equipped with an intelligent monitoring system in the cabin compared with the prototype
curve. When the fan power level is in strong wind and high temperature, the fan power will drop or even
stop every few hours if it does not reach the standard, thus increasing the unavailable time and generating
loss. Hence, the intelligent control system in the indoor environment greatly improves the operation
efficiency and power generation efficiency of the fan, and brings more economic benefits.

The cabin environment intelligent control system of three groups of fan prototypes is tested, the FD70 fan
used in the test prototype is introduced, and the working principle of the SCADA system used in the test is
described. The comparative analysis of the output active power and the gearbox temperature in the cabin of
the three groups of prototypes suggests that the output of the 13# fan has been in a high-level power
generation state in the environment with strong wind and high temperature, and the gearbox temperature is
lower; if the output of the neighboring 12# and 14# fans without the system is not up to the standard, the
output will be reduced every few hours, and the gearbox temperature will be higher or even shut down. It
reveals that the cabin environment intelligent control system has played a significant role in improving the
operation and power generation efficiency of the fan, thus bringing more economic benefits.

5 Conclusion

This research is about the intelligent control system for wind turbine cabin environment. The research
purpose is to solve the adverse impact of the fan on the wind turbine due to the environment and the high
temperature in the cabin. The main research work is as follows. The internal ventilation structure of cabin
is analyzed by using CFD, and the application of CFD results in intelligent algorithm and the equation of
controlling fluid motion are introduced completely. The gearbox, one of the main heat sources in the
cabin, is analyzed, and the common heating causes in the gearbox are summarized. A simple model is
established by comparing the total heat generated by the gearbox in the working process and the heat
dissipation capacity of different heat dissipation components. Gear bite heat, bearing heat, heat generated
by lubricating oil and heat generated by gearbox are described in detail, which can put forward
corresponding improvement suggestions for lubrication and cooling system of gearbox working process.
The cabin environment intelligent control system of three groups of fan prototypes is tested, and the
FD70 fan used in the test prototype is introduced. The working principle of SCADA system used in
the test is described. By collecting and comparing the temperature data of the gearbox in the cabin of the
three groups of prototypes, and combining three maximum methods, method of bins and maximum
probability method, the output useful power curves of the three groups of prototypes are compared, and
the economic benefits brought by the cabin environment intelligent control system are further analyzed.

The intelligent control system in the wind turbine room environment has been initially established, and
the hot spots and causes of high temperature in the room have been mastered. The operating environment of
the wind turbine is diverse and complex in practical application, and the causes of temperature rise are also
diverse. In the research of control systems, only the common causes and unit models of typical temperature
rise are analyzed. Hence, the data acquisition of the sensor should be further improved in the follow-up
research, and the vibration sensor can be installed in the cabin heat source. In this way, it can obtain more
internal information of the cabin, and provide a more accurate control scheme for the environmental
intelligent control system of the wind turbine room. At present, there are still many difficulties in
improving the environment and temperature of the wind turbine room, and the analysis needs to be
further improved. It is essential to constantly learn from advanced methods and combine them with



FDMP, 2022, vol.18, no.3 575

engineering practice to better promote the development of new energy and emerging power industry.
Therefore, the sensor data collection should be further improved in the follow-up research, and vibration
sensors can be installed in the heat source of cabin, so as to obtain more internal information of the
cabin, which can provide a precise control scheme for the cabin environment intelligent control system of
the wind turbine.
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