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The mine counter-rotating fan (MCRF) is important in tunnel construction and is also widely
used for ventilation in mining. The need to improve the performance of MCRF systems has been
attracting the interest of researchers. An MCRF is composed of two vane rotors that rotate in
opposite directions. We propose a novel adaptive variable-speed (AVS) control method to
improve the performance of an MCRF system. The proposed method is based on the concept of
adaptively controlling the speed of the second vane rotor according to changes in the working
conditions of the whole fan system. To evaluate the performance of our proposed AVS control
method, experiments were performed using various sensors to detect pressure and mass flow
rates when using our newly designed MCRF system. Results show that, with the proposed AVS
control method, the problem of the rotor output torque rising and falling markedly during large
and small mass flows, respectively, is overcome. Furthermore, the problems of overload and a
low blocking margin are solved. As a result, the overall pressure increase and performance of the
whole fan system are improved.

1. Introduction

The mine counter-rotating fan (MCRF) is extensively applied to the ventilation of mines and
tunnels during their construction. The safety and performance of the MCRF are key factors
ensuring the safety of human lives and productivity in the construction industry, respectively.(!)
The MCRF is composed of two vane rotors, named R1 and R2. These two rotors rotate in
opposite directions and each can be mutually used as a guide vane for each other. Owing to their
compact structure, large pressure increase, and high performance, MCRFs are considered as
effective turbomachinery for ventilation.®

The performance of an MCRF system is good under specified operation conditions of steady
flow and small pressure loss.(-%) However, most of the time, an MCRF system operates under
unspecified conditions, under which its performance deteriorates.”? In the early stage of
operation of the system, the wind resistance at the mesh of the pipe inlet is small. The actual
fluid discharge is smaller than that according to the theoretical design. Moreover, the pressure
increase and performance of whole system are small. In the middle stage of working, the wind
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resistance at the mesh of the pipe approaches the designed pressure increase of the MCRF
system. The whole fan system exhibits good performance. In the late stage, the wind resistance
at the mesh of the pipe inlet increases again. The actual fluid discharge again becomes smaller
than that according to the theoretical design, similarly to that observed in the early stage. In this
stage, the load of R2 increases rapidly and will easily cause overload burnout. In the case of
overload burnout, the whole fan system enters a surging condition, which is extremely harmful
to the system itself as well as to personnel at work. To ensure the safe operation and high
performance of an MCRF system, it is necessary to enlarge the surge and blocking margin and
adjust the working range. Previous studies indicated that the capacity of MCRFs can be modified
by optimizing the design of the impeller structures and the angles of installation."'% Some
studies!3-19 found that optimizing the gap between the impeller tips of rotors may significantly
improve the efficiency and stability of operation for an MCRF system. This is because the gap
size of R1 may affect the occurrence and development of a turbulence trail in the impeller tip
region, and thus the flow conditions in the impellers of R2. Furthermore, the size of the axial
space between the two rotor centers affects the extent of fluid interaction between R1 and R2.
As the axial space increases, flow instability will weaken, but the unsteady characteristic of the
fluid flow in both R1 and R2 tends to become consistent.2%24 To solve the overload problem
encountered in R2 under small-flow conditions, a common solution is to adopt different loads
(e.g., by reducing the load) or raise the power margin for R2.23-28) Nevertheless, these measures
usually reduce the overall performance for other flow conditions. Some studies showed that
adaptively changing the load distribution by adjusting the impeller velocity of the rotor may
effectively and optimally enhance the overall performance for all flow conditions.2*3D

Most of the previous studies on enhancing the performance of an MCRF system focused on
passively adjusting suitable parameters to fit specific surging or designed working conditions.
These methods have various limitations and fail under other undesigned working conditions.
Therefore, it is urgently necessary to find a suitable way to adaptively control related parameters
for different working conditions.

To meet this need, we propose an adaptive variable-speed (AVS) method that may be used to
automatically adjust the operating speed of R2 according to the flow conditions to enhance the
overall performance of the MCRF system for the entire working range and also solve the
problem of overload in R2 under small-flow conditions.

2. Problems and Control Methodology
2.1 Current problems of MCRF systems

To address our proposed novel AVS control method for enhancing the overall performance of
an MCRF system, we design a small MCRF system with a rated pressure of 2.8 kPa and a mass
flow rate of 4.25 kg/s. The related basic parameters of our designed MCRF system are listed in
Table 1.3D Then, performance tests of our designed MCRF system are carried out using the
D-type test method (inlet and outlet test) using Chinese standard GB-1236-2000. The designed
MCREF system as well as its test instruments include numerous pressure and power sensors, as



Sensors and Materials, Vol. 33, No. 9 (2021)

Table 1

Parameters of the two-stage MCRF system designed by our team.

Parameters First-stage impeller Second-stage impeller
Number of vanes 12 10
Designed speed 2930 rpm —2930 rpm

Vane diameter 558 mm 558 mm
Wheel-to-shell ratio 0.65 0.65

Rated power 11 kW 11 kW

Rated efficiency 0.82 0.82

Fig. 1. (Color online) Rotors of two-stage MCRF system.

Fig. 2.  (Color online) MCRF system and its test device.

Rotor 2

3297

shown in Figs. 1 and 2. The measured pressures and torques are used to evaluate the aerodynamic
performance of the designed MCRF and the powers of the two rotors in real time for adaptive
speed control. The pipe diameters of the inlet and outlet are denoted as d; and d,, respectively.
The inlet static pressure p; is measured at a point located in the inlet pipe about 24, in front of
the first-stage impeller, and the outlet static pressure p, is measured at a point located in the
outlet pipe about 2d, downstream from the second-stage impeller. The frequency converters,



Pressure/kPa

3298 Sensors and Materials, Vol. 33, No. 9 (2021)

15

4 80
12
4 =
60 s B . |
. 2
—&— Total pressure 4 20 3L 11;?;101\];;&
—&— Fan efficiency —— R2 power
0 . L I L I L 0 0 T T T T T T 1
255 3 34 4 4.5 5 hib 6 25 3 35 4 45 5 55 6
Mass flow/kg/s Mass flow/kg/s
Fig.3. Variations of pressure and overall fan Fig. 4. Power versus mass flow rate for R1 and R2.

efficiency with mass flow rate in case of equal-speed
operation for R1 and R2.

which are connected to rotors, are used to monitor the speeds of R1 and R2. The power sensors
connected to the rotors are used to measure the input powers of R1 and R2, which are
respectively denoted as N,,, and N,,,. The shaft powers of the rotors may be derived from their
input powers and efficiencies.

The variations of the measured pressure and calculated fan efficiency with the flow rate for
R1 and R2 are shown in Fig. 3, and the variation of the power with the flow rate for R1 and R2 is
shown in Fig. 4. In Fig. 3, it can be seen that the pressure and fan efficiency increase slightly and
then decrease with increasing mass flow rate. In Fig. 4, it can be seen that the power of R1 has
only small variations with the mass flow rate. However, the power of R2 varies markedly with
the mass flow rate. Note that a rapid increase in the power of R2 may lead to the overloading of
the whole system in the case of a small flow. On the other hand, a rapid decrease in the power of
R2 may cause low overall efficiency.

2.2 Methodology of AVS control for an MCRF system
2.2.1 Control principle of AVS method

The power of R1 is hardly affected by the variation of the flow, and thus its capacity may be
kept at a good level. However, the variance of the flow significantly affects the power of R2 and
therefore causes large fluctuations in its capacity. The capacities of R1 and R2 are similar and
both exhibit good levels under designed working conditions. Nevertheless, their capacities
deteriorate and diverge when the working conditions deviate from the designed ones. To solve
this problem, we propose a novel control method called the AVS method.

The AVS control method mainly focuses on adjusting the speed of R2. When the working
condition changes, we keep the speed of R1 unchanged and, in real time, adjust the speed of R2
while ensuring that both R1 and R2 always have the same power output. That means that the
power output of R2 (&,) is always kept at the same magnitude as that of R1 (&,). The control
loop of AVS is shown in Fig. 5. In the AVS method, we choose N, as the target signal and N, as
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the feedback signal. Through PID control, we may examine the difference between N, and N, in
real time and adaptively adjust the speed of R2 (IV,) via a frequency converter to ensure that the
power output of R2 is always equivalent to that of R1. Eventually, the goal of operation with
equivalent power output for both rotors from instant to instant is reached.

2.2.2 Control process and hardware of AVS method

On the basis of the control principle mentioned in Sect. 2.1, we now develop the control
process of the AVS method. As shown in Fig. 6, we first measure the input powers of R1 and R2
in real time via power sensors 1 and 2, respectively. Second, we send these powers to a data
collector through connecting terminals. These message data are converted from analog to digital
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Fig. 5. Control loop of AVS method.
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Fig. 6.  Control process of AVS.
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via an A/D converter and then sent to a CPU unit for further calculations. In real time, we
calculate the success rate and AN. Initially, we set a threshold value of the first-level error,
denoted as e. When —¢ < AN < ¢, which means that the deviation between the input powers of R1
and R2 is small and can be neglected, the speed of R2 is kept unchanged. On the other hand,
when AN < —¢, we increase the speed of R2 to a suitable value by sending a control signal
through an RS232 serial port and a frequency converter to a CPU unit, then check the value of
AN and continuously tune it until the powers of R1 and R2 are equal. When AN > ¢, we decrease
the speed of R2 to a suitable value in the same way.

In experiments, the adopted data acquisition board has a measurement range of 0—+10000 mV.
The adopted power sensor is a power transmitter (model NB-AP3B1-A6EC) with a measurement
range of 0—10 kW and an output voltage range of 1-5 V (transmitted to a data acquisition board).
We use a model CVF-G2/P2 frequency converter (Bosch Rexroth Co., Ltd.) to control the speed
of the rotors, which is connected to the calculator via an RS232/485 converter.

2.2.3 Control process of AVS method

The speed control process for R2 in the AVS method is performed on a LabVIEW platform.
The AVS control mainly includes two parts: (1) power signal collection and calculations; (2)
speed control using frequency converters. Figure 7 shows the calculation procedure of the
computation strategy in the frequency converter. First, we collect signals detected by power
sensors via a data acquisition board. Second, we manipulate the acquired data using the
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Fig. 7. (Color online) Main calculation procedure of computation strategy in frequency converter.
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singularity replacement and digital filtering process. Finally, the final power outputs of R1 and
R2 are obtained. According to the proposed control process shown in Fig. 6 and the output
power relationship between the two rotors, we may suitably adjust the input current of R2 in real
time.

Our proposed AVS method adopts the so-called Pauta criterion (3 ¢ principle). The following
is the manipulation procedure. Note that during the power measurement process for the two
rotors, the elimination replacement method is used to handle the singularity that occurs. Firstly,
we independently measure the power of every rotor n times with an equal-precision method and
obtain the data series {x|, x,, ..., x,,}. The absolute errors of the obtained data are defined as
dy=x—-X,dy=x,-X, .., d, =x, —X, where X is the average value. If the data measured at a

certain point, x;, has an absolute error of |d;, > 3] (¢: standard deviation of measured data), then
the point with the value of x; may be viewed as a singular point and is replaced by

[T k=1
x" ‘{xk_l k=1)’ M

The process of singular value replacement is further programmed as a subroutine called VI of
the main program of the AVS method. This subroutine, which is mainly used to increase the test
precision of the whole MCRF system, is shown in Fig. 8.

Next, we develop a novel real-time control process for R2. As shown in Fig. 9, this process
adopts protocols between the master and slave communications to fulfil series connection
between the calculator and the frequency converter. The calculator is used as the master unit and
the frequency converter as the slave unit. According to the communication protocols, the master
unit sends orders and messages to the slave unit, and then the slave executes the corresponding
actions. The data format of the master unit is hexadecimal, which is the format accepted by the
frequency converter.
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Fig. 8. (Color online) Subroutine VI for singular value replacement.
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Fig. 9.  (Color online) Real-time control process of R2.

3. Results and Verification

To test our proposed AVS control method, we carry out an experiment with the measurement
instruments including various sensors shown in Fig. 2. The experiment is designed to adaptively
adjust the speed of the rotors in our designed MCRF system in real time by changing the
resistance force at the inlet pipe net while simultaneously measuring the related gas-dynamic
characteristics of the fan system. The measured power and pressure variations with the mass
flow rate of the MCRF system are shown in Fig. 10. Compared with the measured results
without AVS control shown in Figs. 3 and 4, the performance of the whole MCRF system with
AVS control is much higher. The MCRF system without AVS control has low performance
because R1 and R2 are always kept at the same operation speed and cannot be individually
adjusted in real time with changes in mass flow rate. However, the MCRF system with AVS
control may adaptively adjust the power output of R2 according to changes in mass flow rate. In
detail, through AVS control, the power of R2 may be automatically and suitably increased and
decreased with increasing and decreasing mass flow rate, respectively. Consequently, in the
whole working range, R1 and R2 can always be kept at the same speed, and thus the variation of
pressure with mass flow becomes smooth and the blocking condition shifts to the right.
Moreover, the overload problem of R2, which occurs when the mass flow rate suddenly drops,
can be solved. Furthermore, with this AVS control method, the overall efficiency of the MCRF
system and the working range both increase.
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Fig. 10. Performance of MCRF system using AVS control.
For an MCRF system, the blocking margin is defined as
blocking margin = (¢max — Gdes)/Gdes % 100%, ?2)

where ¢,,,, (kg/s) is the maximum mass flow rate under the blocking condition and ¢, (kg/s) is
the rated or designed flow rate. The working range of an MCRF system operating under a high-
efficiency condition is defined as

working range = q9o/qges * 100%, 3)

where qqq (kg/s) is the mass flow rate whose rated efficiency is greater than or equal to 90%
under stable working conditions. The blocking conditions before and after AVS control for our
designed MCREF system are shown in Fig. 11. The rated mass flow rate is ¢,,, = 4.25 kg/s, the
maximum mass flow rate under the blocking condition in the equal-speed operation of R1 and
R2 is g4 = 5.64 kg/s, and the maximum mass flow rate at the blocking margin under AVS
control is increased to ¢,,,, = 6.14 kg/s. By using Eq. (1), we obtain a blocking margin of 32.71%
for the MCRF system in the case of equal-speed operation of R1 and R2 without AVS control
and a blocking margin of 44.47% with AVS control, an increase of about 36%. The adoption of
AVS control clearly increases the working range of the MCRF system.

Figure 12 shows the results of the working range under the high-efficiency condition before
and after AVS control for our designed MCRF system. It can be seen that the threshold mass
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Fig. 12. (Color online) Results of the working range under high-efficiency condition before and after AVS control
for our designed MCRF system.

flow rate between the stable and unstable working conditions is ¢, = 3.74 kg/s. For the equal-
speed operation of R1 and R2, the working mass flow ranges under a high-efficiency condition
are goo = 4.92 — 3.74 = 1.18 kg/s before AVS control and g9, = 5.05 — 3.74 = 1.31 kg/s after AVS
control. From Eq. (3), we determine the working range under high-efficiency operation to be
27.76% under the equal-speed operation of R1 and R2, which increases to 30.82% under AVS
control. Consequently, the working range of our designed MCRF with AVS control is expanded.

In summary, to solve the overload problem, we adopted the traditional method with different
loads (e.g., by reducing the load) or raised the power margin for R2.25-28) By comparing our
proposed method of AVS control with traditional methods, we observed that our novel method is
more comprehensive and has higher performance.
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4. Conclusion

We propose an AVS control method to improve the overall performance of an MCRF system.
The novelty of the method is that it may adaptively control the speed of the second-stage rotor
(R2) according to changes in the working conditions of the whole fan system. In addition, we
have also performed some experiments with various sensors to detect the pressure and mass
flow rate for our newly designed MCRF system. We found that without AVS control, the
performance of R1 remained stable with high efficiency within the whole working range, while
that of R2 deteriorated and overload occurred under a small mass flow rate and the performance
markedly decreased under a large mass flow rate. These behaviors significantly limited the
performance as well as the working range under high-efficiency operation. Also, problems of
operation safety arose. With AVS control, the speed of R2 may be adaptively changed in real
time according to changes in the working conditions of the whole fan system. The experimental
results illustrate that through AVS control, the working performance of R2 as well as the overall
MCREF system can be increased. The problem of overload under a small mass flow rate can be
avoided. Furthermore, the working range with high efficiency is enlarged and the blocking
margin is increased. Consequently, the overall working range of the MCRF system is also
enlarged.
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