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Abstract – Pantograph must be correctly attached to catenary to continuously supply stable power to 
railway vehicle, and the device used here is Auxiliary Air Compressor (ACM). The existing ACM 
used the DC motor that included commutator and brush. Since maintenance and repair by mechanical 
friction are essential for the DC motor, BLDC motor studies have been conducted to improve this. A 
three-phase BLDC motor does 120° two-phase commutation through hall sensors in general. However, 
since hall sensor is vulnerable to heat and can run only when all three sensors work normally, 
sensorless control method has been studied to solve this. Using back EMF Zero Crossing Point (ZCP) 
detection method, this paper will introduce a stable switching sensing method that has a non-
commutation area in a low speed zone. 
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1. Introduction 
 
Auxiliary Air Compressor (ACM) is used to conti-

nuously supply stable alternating current power to railway 
vehicle facilities [1]. ACM increases pantograph toward 
catenary to be correctly attached when maneuvering a 
railway vehicle [2]. The compressed air of ACM is 
generated by rotating the motor and must be controlled so 
that the actual discharge rate is maintained consistently 
compared to the discharge pressure. The existing ACM 
has used DC motor that does not inverter but requires 
mechanical driving to secure reliability. DC motor is 
excellent in terms of its functions but has brush and 
commutator, so friction must always be considered when 
it is driving and maintenance is essential as abrasion 
increases. Improper maintenance disables continuous 
rotation to a consistent direction and cannot satisfy the 
rated torque. Thus, an alternative study is currently 
ongoing on Brushless DC motor (BLDCM) which enables 
electrical communication and does not need to consider 
mechanical friction during commutation [3-5]. 

Since BLDC motor can be developed in a three-phase 
circuit, it can improve power density more than DC motor 
in the same size, enables PWM control as it uses three-
phase inverters, and can control the voltage duty ratio. 
However, unlike DC motor, it needs additional three-phase 

inverters and requires a position sensor for accurate 
commutation. Generally, BLDC motor is appropriate for 
applications that do not have frequent speed variability 
due to the nature of its use conditions, and does not need 
to drive by measuring the absolute position of rotor. 
Therefore, it is cheaper than a resolver or encoder and uses 
a position sensor of hall type that enables driving as long as 
the polarity position of rotor is distinguished. Due to its 
cheap price and relatively simple structure, hall sensor is 
often used for BLDC motor control. However, since it is 
also vulnerable to heat and identifies the position only by 
polarity, it can result in switch sensing errors and inverter 
damage even when an error occurs in only one of the three 
sensors [6-8]. 

To solve this problem, much study has been conducted 
on sensorless control. The sensorless method that is 
relatively simple and is widely used is the back EMF 
detection method, which detects the ZCP of back EMF, is a 
method used for commutation, and can simply develop 
an external circuit [9-11]. However, compared to the 
sensor type, its weakness is that it has decreasing 
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Fig. 1. ACM applied on urban railway vehicle 



In-Gun Kim, Hyun-Seok Hong, Sung-Chul Go, Ye-Jun Oh, Kyoung-Jin Joo and Ju Lee 

 http://www.jeet.or.kr │ 467

reliability of rotor position because it cannot secure the 
position accuracy of transient state zone, where start-up 
and speed variability occur. To overcome the problem of 
the existing sensorless control method, this study proposes 
a ZCP detection method without noise by setting a non-
commutation area during medium speed driving. This 
method enables a stable sensorless control until reaching 
a rated speed without additional circuit formation. Fig. 1 
shows an ACM structure using the existing DC motor. 

 
 

2. Sensorless Control of BLDC Motor 
 

2.1 Design of BLDC motor to substitute DC motor 
inside ACM 

 
The existing ACM (MH99-AK19) is currently installed 

and used in lines no. 9 of Seoul subway, and it generates 
compressed air by maintaining consistent discharge 
pressure through DC motor. DC motor has a brush and 
commutator in general, so it is commutated when the two 
structures come into contact and can rotate to a consistent 
direction; however, friction occurs due to its structure 
and thus requires maintenance as abrasion increases 
accordingly. On the contrary, BLDC can be commutated 
electrically as it uses an inverter structure, so mechanical 
friction does not need to be considered like DC motor. 
Table 1 shows the specifications of the existing DC motor 
and newly designed BLDC motor. 

Based on the rated specifications of designed DC motor, 
the design was carried out to obtain the same power and 
torque from the BLDC motor. The motor was modeled 
through the finite elements method, the number of poles 
was the same as 4 poles of the existing DC motor, and the 

number of slots were set at 4 poles and 6 slots for the 
combination (2/3) of the number of poles and number of 
slots considering its making. Since heat is generated inside 
the motor due to the copper loss of stator winding, it is 
more favorable to protect against the heat if more surface 
area of slots inside is secured inside. Therefore, the tooth 
concentrated winding method was applied to secure the 
surface area of slots as much as possible by increasing the 
coil space factor. Fig. 2 is the model and external linkage 
circuit for finite elements method of BLDC motor that 
replaces DC motor. Fig. 3 is the 120° two-phase 
commutation method showing the motor phase current and 
torque waveform in which finite elements method was 
applied [12]. 

 

Table 1. Specifications of DC motor and BLDC 
Designed BLDC Motor Specification 

Parameter Value Unit 
Motor Type IPMSM - 
Rated Power 400 W 
Pole / Slot 4 / 6 - 

Rated Speed 3000 rpm 
Core Type 20PNF1500 - 

rB   1.18 T  
Permanent Magnet 

rμ   1.06 - 
DC Input Voltage 80 V 

Phase Current 4.81 Arms 
Rated Torque 2.35 Nm 

 
DC Motor Specification 

Parameter Value Unit 
Motor Type DC Motor - 
Rated Power 400 W 
Rated Speed 3000 rpm 

DC Input Voltage 80 V 
Phase Current 5.1 Arms 
Rated Torque 2.2 Nm 

Fig. 2. Modeling and external linkage circuit diagram of 
BLDC motor designed 

 

Fig. 3. Back EMF, Phase current, torque waveform and 
total loss of BLDC motor designed 
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2.2 ZCP detection using back EMF 
 
The sensorless control method of BLDC motor often 

uses a method that detects the ZCP of back EMF included 
in terminal voltage. This is because it enables control by 
forming a relatively simple external circuit and achieves 
the maximum size of back EMF once the motor reaches the 
rated speed, making ZCP detection easier. Fig. 4 shows 
back EMF, ZCP(blue point), electrical angle, and switching 
sequence. 

The back EMF in Fig. 4 is an ideal waveform, and it is 
developed in PWM pulse form as it included in terminal 
voltage as in Formula 1 during the actual motor driving. 

, , ,s a n aV V V e are terminal voltage, phase voltage, neutral 
voltage and back EMF. 

 

 a
s a n a a a a n

di
V V V R i L e V

dt
= + = + + +       (1) 

 
The external circuit for ZCP detection uses OP-AMP and 

resistance, capacitor, and buffer. Each of OP-AMP is used 
for comparator and resistance, capacitor for low pass filter, 
and buffer for maintaining the voltage level. The signal of 
each phase can be detected using three comparators as in 
Fig. 5 [13], but ZCP can be detected by one comparator 

when using virtual neutral point voltage. Virtual neutral 
point can be expressed by the sum of the terminal voltage 
of three-phase and is shown in a triangular wave form. 
Then, ZCP is found by comparing this waveform with 
Vdc/2. Virtual neutral point can be expressed as in Formula 
2, and Fig. 6 is the proposed ZCP detection circuit. vnV is 
virtual neutral point voltage. , ,sa sb scV V V  are terminal 
voltage of phase A to C. 

 

 
3

sa sb sc
vn

V V V
V

+ +
=             (2) 

 
2.3 Driving method depending on speed zone 

 
BLDC sensorless control method must be considered by 

classifying it into start-up zone, medium speed zone, and 
rated speed zone. Because it does not have a hall sensor, its 
initial position cannot be identified and thus the motor 
needs to be aligned in a consistent position for start-up. 
Because BLDC motor is generally developed according to 
the six sequences of 120° two-phase commutation method, 
it is always aligned to the position if the current is applied 
by choosing one of the six sequences. Once it is aligned, 
synchronous acceleration will be applied until the motor 
reaches a speed in which back EMF can be detected. Since 
the synchronous acceleration area applies the fixed six 
sequences to a consistent voltage duty without using hall 
sensor, it must be observed carefully to prevent step-out 
due to disturbance from load change. Motor must be driven 
at a low speed not to have step-out [14-15], and the mode 
must be changed immediately once the back EMF is 
detected. 

 
2.4 Driving method depending on speed zone 

 
When the ZCP of the existing back EMF is detected, 

noise occurs during switch on/off as voltage is applied in 
the pulse form according to PWM control. A sensing error 
can occurs due to an instant noise in the ZCP detection 
sensing of back EMP because voltage pulse is detected 

 
Fig. 4. Back EMF, ZCP, electrical angle, and switching

sequence of BLDC motor 

 
Fig. 5. ZCP detection circuit using comparator three 

 
Fig. 6. ZCP detection circuit using one proposed comparator
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immediately once the waveform of terminal voltage is 
greater than Vdc/2. Such phenomenon is more severe in the 
low speed zone that has a smaller size of back EMF, but 
this problem is solved once the motor reaches the rated 
speed. Thus, the proposed detection method can be applied 
for safe switching sensing in the medium speed zone after 
start-up. Since the motor is a rotating machine, it has 
inertia when it rotates; as a result it rotates for a while by 
inertia even when current is not applied by turning the 
switch off. Since back EMP always appears without 
applying current when the motor rotates, when the switch 
is turned off by designating a non-commutation area, only 
a pure back EMF waveform not included in terminal 

voltage appears in the area. The control method including 
the non-commutation area is shown in Fig. 7. 

While 120° two-phase commutation method carries out 
commutation in order by changing switches for every 60°, 
the method including non-commutation area carries out 
commutation and non-commutation in order for every 60°. 
The motor rotates only by inertia in the non-commutation 
area. In this area, the motor repeats commutation and non-
commutation and thus causes vibration while driving. 
However, due to the driving nature of ACM, momentary 
vibration in the driving process is not a huge problem 
because the motor needs continuous driving only at the 
rated speed without speed variability. The power of 

Fig. 7. Sensorless control method including non-commuta-
tion area 

 

 
Fig. 8. Sequence diagram of sensorless BLDC motor drive 

using the proposed ZCP detection method 

Fig. 9. The manufactured BLDC motor 
 

 
Fig. 10. Motor test system 

 

Fig. 11. Experiment waveform depending on 3000 rpm
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comparator is a pulse that includes ZCP and is ahead of the 
actual commutation position by 30°. Therefore, the motor 
will be commutated using 30° phase lag algorithm. Fig. 8 
is a sequence diagram of BLDC motor driving process that 
used the proposed ZCP detection. 

 
 

3. Motor Performance Test 
 
The manufactured BLDC motor is shown in Fig. 9. The 

motor performance test system is shown in Fig. 10. Using 
the proposed ZCP detection method, a test was conducted 
at the rated speed. The motor is controlled using the non-
commutation area at the medium speed, and the speed is 
increased to the rated speed when ZCP starts to be detected 
normally. The Fig. 11 shows that the motor drives normally 
until it reaches the rated speed.  

 
 

4. Conclusion 
 
ACM is used for a stable supply of necessary current to 

a railway vehicle. DC motor for ACM driving needs 
maintenance due to its mechanical friction, so a study is 
conducted to replace it with BLDC motor. BLDC motor 
that uses sensor is vulnerable to heat and cannot rotate 
stably when an error occurs in the sensor. As a result, it is 
used on switching sensing by applying back EMF ZCP 
detection circuit, which is relatively simple. Since the size 
of back EMF is small at the low speed, there is a high 
probability of sensing error by the applied voltage noise. 
Therefore, ZCP can be detected through noiseless back 
EMF if a non-commutation area is set to be used on 
commutation. 
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