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ABSTRACT 

 

In this thesis, studied is a ZCP (Zero Crossing Point) filter scheme along with slow start-up initial 

driving method for sensor-less 3-phase sinusoidal BLDC (Brush-Less DC Motor) controller. ZCP filter 

is a key IP block to detect the rotor position of the BLDC motor and control the driving transistors of 

an inverter. 

A traditional 3-phase sinusoidal BLDC motor uses 3 hall sensors to detect the rotor position to control 

the motor speed. In this case, hall sensors are installed inside a BLDC motor. But it often causes 

reliability problem in automotive applications due to malfunction of the sensor. Therefore, sensor-less 

BLDC motor becomes more desirable and the position detection scheme replacing the hall sensor is 

key area of research. 

The proposed digital ZCP filter for the rotor position detection alone with a slow start-up initial driving 

is implemented by digital logic designed by using Verilog HDL. Also, SPWM (Sinusoidal Pulse Width 

Modulation) sensor-less BLDC motor controller is designed by Verilog HDL. All function is 

implemented and verified by using a FPGA. 

 

KEYWORD: Automotive IC, BLDC Motor, SPWM Sensor-less, Position-sensing Digital ZCP Filter, 

Slow Start-up Initial Driver 
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1. Introduction 

 

The BLDC (Brush-less DC) motor, used in many industrial applications, is a motor that improves the 

lifespan and performance of a DC motor [1]. Conventional DC motors have a brush that supplies current 

to a commutator, which is in contact with commutator and worn away by friction every time it rotates. 

This brush is related to the lifespan of the DC motor, and BLDC motor was proposed to solve this 

problem. The BLDC motor has high efficiency, reliability, less noise, and high torque than the brushed 

DC motor [2]. In order to operate the BLDC motor, the position of the rotor must be detected using hall 

sensors and the switching time shall be determined from there [3]. However, it may be necessary to 

lower the price of the BLDC motor by reducing the installation cost of the hall sensor inside the motor 

[4]. Also, the distance between the inverter circuit and the BLDC motor is too distant to use the hall 

sensor signals. Moreover, in sensor-based control, the BLDC motor cannot be operated if the hall sensor 

has trouble. To solve this problem requires sensor-less driving to drive BLDC motor without hall 

sensors, and many methods for this have been proposed [5]-[10].  

 

1.1 Basic Operation of Sinusoidal PWM BLDC Motor Controller 

 

The BLDC motor is controlled by 3-phase-inverter which converts DC to AC as shown in Fig 1.2 and 

Fig 1.3. The basic driving principle of the BLDC motor is to change the phase windings, which should 

be excited according to the position of the rotor for producing continuous torque [11]. To implement 

this function, information about the rotor position is indispensable [11]. The position can be achieved 

from the hall sensors. Three output signals of hall sensors enable BLDC motor controller to recognize 

the rotor position divided into six different sections [11]. The principle of the BLDC motor control is 

to turn the switches of the 3-phase-inverter on and off according to the six sections and to control the 

electromagnetic force of the stator to rotate the rotor.  

 

There are two methods of control: six-step control and PWM control. The six-step control has the 

advantage of being simple [12]. However, the six-step control has ripple in the torque and current. It 

also has a little noise in operation [12]. In other words, the PWM control is more complex control 

method than the six-step control. Nevertheless, the PWM control has less ripple in torque and current 

than six-step control [12]. Moreover, it has less noise compared to the six-step control [12]. Specific 

advantages and disadvantages of six-step and PWM control are organized in Table 1.2. In this design, 

SPWM (Sinusoidal PWM) control method is used for lower torque ripple and current ripple. 
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Table. 1.1 Pros and cons of six-step control and PWM control 

 Six-step control PWM control 

Using coil Only 2 coils used All 3 coils used 

Torque ripple Worse Better 

Noise Worse Better 

Dead-time control Not required Required 

Circuit implementation complexity Simple Complex 

 

 

Fig. 1.1 3-phase-inverter and BLDC motor 

 

Fig. 1.2 Equivalent circuit of 3-phase-inverter and BLDC motor 
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1.2  Design of SPWM BLDC Motor Controller 

1.2.1 Bipolar SPWM Control Condition 

 

The switching signal is made in the bipolar SPWM method by comparing fundamental waves and 

carrier waves [13]. As shown in Fig. 1.3, the bipolar SPWM method uses sinewave as the fundamental 

wave and the triangular wave as the carrier wave. In bipolar SPWM, if the fundamental wave is greater 

than the carrier wave, the switching signal becomes high-level. Otherwise, it becomes low-level. The 

created switching signal turns on and off the high-side and low-side switches of the half-bridge and 

corresponds to the half-bridge terminal voltage (phase voltage) [13]. This terminal voltage is used as 

input of the BLDC motor.  

 

 

 

 

Fig. 1.3 Description of bipolar SPWM control. 
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Two factors should be considered for driving the BLDC motor in the bipolar SPWM control. The first 

is the modulation index, MI, which indicates the voltage utilization level, also known as the amplitude 

modulation ratio. It is defined as in (1) [14]. 

 

𝑀𝐼 = 𝑚𝑎 =
𝑉𝑃𝑃,𝐹
𝑉𝑃𝑃,𝐶

 (1) 

 

 

The second is the frequency modulation ratio, 𝑚𝑓 , which describes the quality of the current 

waveform [11]. It is defined as in (2) [16].  

 

𝑚𝑓 =
𝑓
𝐶

𝑓𝐹
 (2) 

 

 

The modulation index is determined by the relationship of amplitude between the fundamental wave 

and the carrier wave. The bipolar SPWM method uses the triangle wave as the carrier wave and 

sinewave as the fundamental wave. The closer the amplitude of the triangle wave and the amplitude of 

the sinewave, the closer the MI approaches 1.  

𝟏

𝒇𝑪
 

𝟏

𝒇𝑭
 

VPP,C VPP,F

 

Fig. 1.4 Description of amplitude and frequency of fundamental wave and carrier wave. 
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As the modulation index nears 1, total harmonic distribution (THD) of the BLDC motor can be reduced, 

which is related to peak currents and core loss in motors. THD can be expressed as in (3). 

 

𝑇𝐻𝐷 =
√𝑉2

2 + 𝑉3
2 + 𝑉4

2 +⋯+ 𝑉𝑁
2

𝑉1
 (3) 

 

Where 𝑉𝑁 is the RMS voltage of Nth harmonic and 𝑁 = 1 is the fundamental harmonic.  

 

From the equation (3), THD can be modified as equation (4).  

 

𝑇𝐻𝐷 =
√∑𝑉𝑡𝑜𝑡𝑎𝑙

2 − 𝑉1
2

√𝑉1
2

 (4) 

 

As 𝑉1 is the term of the fundamental frequency, therefore, 𝑉1 can be described as (5).  

 

𝑉1 =
𝑀𝐼

√2
∙ 𝑉𝐵𝐴𝑇 (5) 

 

Where 𝑉𝐵𝐴𝑇 is power voltage of 3-phase-inverter. As a result, we get the below equation about THD as 

(6).  

 

𝑇𝐻𝐷 =
√𝛴𝑉𝑡𝑜𝑡𝑎𝑙

2 − 𝑉1
2

√𝑉1
2

=
√

𝛴𝑉𝑡𝑜𝑡𝑎𝑙
2

(
𝑀𝐼

√2
∙ 𝑉𝐵𝐴𝑇)

2 − 1 
(6) 

 

Therefore, if VBAT is assumed to remain unchanged, then, the greater the MI, the lower the THD, the 

inverse relationship between MI and THD. Lower THD implies lower peak current, less heating, and 

less core loss in motor [17]. However, if 𝑉𝑃𝑃,𝐹 is greater than 𝑉𝑃𝑃,𝐶 then the MI is greater than 1; and if 

the MI is greater than 1, overmodulation occurs. At this time, the switching signal will contain more 

harmonic component. As a result, the THD grows again and increases the peak current, heating, and 

core loss [17]. 
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Fig. 1.5 The relationship between the fundamental and its harmonics. 
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Fig. 1.6 Fundamental component of phase voltage of 3-phase-inverter. 
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Fig. 1.7 Description of bipolar SPWM control in overmodulation. 

 

The frequency modulation ratio is determined by the frequency relationship between the fundamental 

wave and the carrier wave. If the frequency of the fundamental wave is higher than that of the carrier 

wave, the quality of the voltage waveform can be improved [11]. Also, 𝑓
𝐶
 shall be three times of the 𝑓

𝐹
. 

This is because the line-to-line voltage of the 3-phase-inverter is the difference between the two terminal 

voltages, and if 𝑚𝑓 is three times the number then there is no phase difference in the harmonics of the 

terminal voltage. Therefore, if 𝑚𝑓 is triple the amount, the THD will decrease with the removal of the 

harmonics of line-to-line voltage [11]. SPWM control, which includes these amplitude and frequency 

conditions, reduces the THD of the BLDC motor, thereby reducing the torque ripple of the motor to 

increase performance.  
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1.2.2 Bipolar SPWM Control with Digital Logic 

 

Bipolar SPWM control is implemented as digital logic using Verilog HDL language. The SPWM 

control block consists of several digital sub-blocks. First, a period detector calculates the time required 

for the BLDC motor to turn around once. Second, there is a sinewave generator that makes address 

according to the position and RPM of the motor and sinewave that will be used as a fundamental wave 

based on this address. Third, there is a triangular wave generator that makes triangular wave to be used 

as carrier wave. Fourth, a bipolar SPWM pulse generator makes a SPWM pulse by comparing the 

fundamental wave and the carrier wave. Finally, the dead-time controller makes 3-phase-inverter gate 

input signals through dead-time control. These five blocks will come together to make a bipolar SPWM 

driver, and each will explain its function for the block. 

 

A period detector is a block that reads the speed of the rotor from hall sensor signals. In the existing 

BLDC motor, there are three hall sensors inside that read the S pole of the rotor at intervals of 120° 

each. The hall sensor produces a signal with a value of 1 (High) facing the S pole and 0 (Low) facing 

the N pole. The three hall sensors produce constant signals and a constant step called 6-step according 

to the rotation direction of the rotor. The period detector receives the hall sensor signals as input. It has 

a constant 360° ∙ (
2

𝑁
) cycle, where N is the number of rotor poles. In other words, the hall sensor signal 

cycle can be expressed in terms of time, and the time taken for the rotor to turn around can be obtained. 

The period detector uses the counter to indicate the frequency of the hall sensor signal in relation to 

time. To achieve more accurate speed, the average of the periods obtained from the three hall sensors 

was calculated to derive the period of the one cycle of rotor. Afterwards, the period detector sends the 

obtained period value of cycle and period set that indicates the change of the step of hall sensor signals 

to the sinewave generator.  

 

Period Detector

Period

Set

Period

Hall_Sensor_W

Hall_Sensor_V

Hall_Sensor_U

Period_Set

Period_Counter_U

Period_Counter_V

Period_Counter_W

Hall Sensor

in 

BLDC Motor

U

V

W

24

 

Fig. 1.8 Block diagram of period detector. 
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The sinewave generator, which creates the sinewave according to the position and period of cycle of 

the rotor, is divided into two blocks. The first is the "Address Generator" block. This block produces a 

10-bit address depending on the RPM and the location of the rotor. Within the block, the position of the 

rotor can only be expressed at 60° intervals according to the hall sensors, so the address is determined 

at every sixth step. The address divided by six has a difference of 170 bits, which is 1024 bits divided 

by six. Afterwards, increase the address during the interval time of period/6 between steps. The created 

address is used to create the quarter sinewave. The second is the "Quarter Sinewave Generator" block. 

This block uses the built-in look-up table to create a sinewave from 0 to 
𝜋

2
, depending on the generated 

address generated. Amplitude of sinewave consists of 10-bit. The third is the "Full Sinewave Generator" 

block. The block makes full sinewave using the previously made quarter sinewave. The 10-bit sinewave 

made in this way will be used as the fundamental wave of bipolar SPWM control. 

 

The triangular wave generator produces a triangular wave using clocks and amplitude trimming that 

enter the input. The input block affects the frequency of the triangular wave, and amplitude trimming 

affects amplitude. Also, in this digital logic, the amplitude of the fundamental wave is fixed, so the MI 

can be modulated by adjusting the amplitude of the triangular wave. 

 

8'd255 * 3Offset [10:0] 

25 * 

(PWM_DUTY [4:0] + 1'b1)

25 * 

(-PWM_DUTY [4:0] - 1'b1)

TRI_CLK * 100

𝟐𝝅 = 𝑻 (𝑷𝒆𝒓𝒊𝒐𝒅 𝒑𝒆𝒓 𝑶𝒏𝒆 − 𝑪𝒚𝒄𝒍𝒆)  

(
𝟔𝟎

𝑻
= 𝑹𝑷𝑴) 

 

Fig. 1.9 Bipolar SPWM control implemented with digital logic. 

 

 

Fig. 1.10 Block diagram of sinewave generator and triangular wave generator. 



 

10 

The bipolar SPWM pulse generator compares the fundamental wave made in the sinewave generator 

with the carrier wave made in the triangular wave generator to produce the SPWM pulse. If the 

fundamental wave is greater than the carrier wave, the SPWM pulse has a high level (VBAT). Otherwise, 

the SPWM pulse has a low level (GND). The generated SPWM pulse is used as a signal of the high-

side switch, and the pulse that turns it vertically is used as a signal of the low-side switch. At this time, 

dead-time control is essential to prevent shoot-through current that occurs when the high-side switch 

and the low-side switch are simultaneously turned on in one half-bridge circuit. In dead-time controller, 

the interval between the high-side switch and the low-side switch is adjusted according to the trimming 

value, and the adjusted high-side signal and low-side signal are sent to their respective switches. 

 

 

 

 

 

Fig. 1.11 Generating SPWM pulse and high-side and low-side signals. 

 

 

Fig. 1.12 Dead-time control finite state machine and state diagram. 
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Fig. 1.13 represents the top block diagram of bipolar SPWM BLDC motor controller. The overall 

operation of the bipolar SPWM BLDC motor controller is as follows. After the location of the rotor is 

derived from hall sensor signals built into the BLDC motor, determine the rotation cycle of the BLDC 

motor. From hall sensor signals and rotation cycle, the controller create sinewave to be used as 

fundamental wave and triangular wave to be used as carrier wave. And, compare the two waves to make 

an SPWM pulse. The SPWM pulse is created as a gate control signal of a 3-phase-inverter through 

dead-time control. However, bipolar SPWM control is possible only when there are hall sensor signals 

used as rotor position information from the hall sensor of the BLDC motor. At the sensor-less BLDC 

motor, position information of the rotor should be obtained without the hall sensor. In this design, virtual 

hall sensor signals that indicate the position of the rotor are generated from the phase voltages. The 

proposed position-sensing digital ZCP filter to be described can obtain virtual hall sensor signals from 

using phase voltages. Moreover, initial driving system for starting up sensor-less control is necessary. 

In this design, we designed not only a position-sensing digital ZCP filter but also a slow start-up initial 

driving block for sensor-less control. 

 

 

 

 

 

 

Fig. 1.13 Top block diagram of bipolar SPWM BLDC motor controller. 
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1.3 The Problem of SPWM Sensor-less Control of BLDC Motor 

 

There are several position-sensing techniques in the sensor-less control technique for determining the 

position of the rotor without using hall sensors in the BLDC motor [5]-[10]. Various position-sensing 

techniques include a method of detecting and using the back-EMF of the armature winding, a method 

of detecting and using the third harmonic of the back-EMF, and a method of detecting and using the 

current flowing through the freewheeling diode of the phase not operated by the inverter. Among them, 

most position-sensing techniques use the method of determining the location of the rotor by reading 

back-EMF. Among them, the back-EMF difference method [18] indirectly obtains the back-EMF by 

subtracting the phase voltages of different phases from U, V, and W to obtain the back-EMF in the phase 

voltage. Another, the zero-sequence voltage method [19], detects back-EMF by adding the phase 

voltages of U, V, and W of different phases to detect the back-EMF inside the phase voltage. Afterwards, 

noise generated in the commutation section is removed and used as a virtual hall sensor signal. In the 

case of the back-EMF difference method and the zero-sequence voltage method, since both methods 

require the calculation of the phase voltage, an op-amp is essential. If any of the op-amps malfunction, 

the position-sensing circuit cannot perform addition and subtraction operations properly. Moreover, 

both methods can obtain the back-EMF that occurs in the case of six-step, but it is very difficult to 

obtain it in the case of SPWM.  
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Fig. 1.14 Circuit and signal of back-EMF difference method. 

 

 

 

 

Fig. 1.15 Circuit block diagram and signal of zero-sequence voltage method. 
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2. Proposed Design of Position-sensing ZCP Filter 

 

For SPWM sensor-less control, the proposed position-sensing digital ZCP filter uses the characteristic 

that sensor-less control can be applied only when the BLDC motor rotates at a certain speed or more 

(approximately 1000 to 2000 rpm). The position-sensing digital ZCP filter creates virtual hall sensor 

signals that inform the position of the rotor using phase voltages. For SPWM sensor-less control and 

six-step sensor-less control, position-sensing digital ZCP filter is made up of two cores. The first core 

operates in SPWM modulation, and the second core operates in SPWM overmodulation and six-step. 

 

2.1 Design of Position-sensing Digital ZCP Filter for Modulation 

 

In order to obtain a virtual hall sensor signal using the terminal voltage of 3 phase inverter, the terminal 

voltage must be expressed as an equation. The expression of terminal voltage can be obtained through 

the native sampling method. Assuming that 𝑇𝐶 is the period of triangular carrier waveform, there are 

two intersections in one carrier period 𝑇𝐶, 𝑡1 and 𝑡2. The “ON” duration of each SPWM pulse 𝑡𝑜𝑛1, 

𝑡𝑜𝑛2 are then determined as follows [16]: 

 

𝑡𝑜𝑛1 =
𝑇𝐶
4
(1 +𝑚𝑎 ∙ 𝑠𝑖𝑛(𝜔𝑡1) (7) 

 

 

𝑡𝑜𝑛2 =
𝑇𝐶
4
(1 +𝑚𝑎 ∙ 𝑠𝑖𝑛(𝜔𝑡2) (8) 

 

 

Where 𝜔 =
2𝜋

𝑇
 and 𝑇 is the period per cycle. The pulse width of the generated SPWM wave in one period 

is then derived as follows: 

 

𝑡𝑜𝑛 = 𝑡𝑜𝑛1 + 𝑡𝑜𝑛2 =
𝑇𝐶
4
(2 +𝑚𝑎 ∙ (𝑠𝑖𝑛(𝜔𝑡1)+ 𝑠𝑖𝑛(𝜔𝑡2)) (9) 

 

 



 

15 

Because 𝑚𝑎 and 𝑇𝐶 set values through digital logic, 𝑇 is the value that can be calculated during control, 

𝑡𝑜𝑛  can be derived through this calculation method. However, knowing 𝑡1  and 𝑡2  values at each 

moment makes it difficult to calculate 𝑡𝑜𝑛.  

 

As it is difficult to calculate 𝑡𝑜𝑛 through the natural sampling method, using the characteristic of digital 

logic, the calculation method of the symmetric sampling method was used. This method can be applied 

when the triangular wave used as the carrier wave is symmetric. If the triangular wave is asymmetric, 

the error of 𝑡𝑜𝑛 obtained will increase [20]. This system, which makes triangular waves through digital 

logic, has high reliability that triangular waves are symmetric. If 𝑡𝑜𝑛 is obtained through the symmetric 

sampling method, it is as follows: 

 

𝑇𝐶
𝑡𝑜𝑛

=
2

1 +𝑚𝑎 ∙ 𝑠𝑖𝑛(𝜔𝑡𝐷)
 (10) 

 

 

𝑡𝑜𝑛
2

= 𝑡𝑜𝑛1 = 𝑡𝑜𝑛2 (11) 

 

 

By rearranging this, the following equation can be obtained [4]. 

 

𝑡𝑜𝑛 =
𝑇𝐶
2
(1 +𝑚𝑎 ∙ 𝑠𝑖𝑛 ((2𝑛− 1)

𝜋
𝑁
) (12) 

 

 

Where 𝑛 = 1,2,… ,𝑁,𝑁 = 𝑚𝑓 =
𝑓𝐶

𝑓𝐹
. Another equation of 𝑡𝑜𝑛 can be obtained through this calculation. 

As the equation shows, 𝑡𝑜𝑛 can be easily obtained because the variables from the symmetric sampling 

method are in all known situations. In the equation, 𝑡𝑜𝑛 is in the form of a sine function, which is 

periodic for 𝑇 and has 
𝑇𝐶

2
 as the center value.  
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Fig. 2.1 ON pulse of phase voltage in natural sampling method. 

 

 

 

Fig. 2.2 ON pulse of phase voltage in symmetric regular sampling method.  
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If the equation of 𝑡𝑜𝑛  obtained from the symmetric sampling method is established in the actual 

situation, the periodic signal can be obtained from the comparison of 𝑡𝑜𝑛 and 
𝑇𝐶

2
. 𝑡𝑜𝑛 obtained through 

the RTL simulation has the same maximum, minimum, and periodic values as the theoretical 𝑡𝑜𝑛. 

However, since the sinewave and triangular wave created through digital logic are composed of steps, 

there is a short overlap during the process of comparing the sinewave and the triangular wave. This 

short overlap creates the ON pulse of SPWM control for a short period of time, which makes the 𝑡𝑜𝑛 

value momentarily close to zero. This section makes noise in making virtual hall sensor signals, and 

this noise momentarily causes an error in the rotating step, making abnormal operation on sensor-less 

control. In the sensor-less control, the noise should be eliminated for normal operation, and the section 

where 𝑡𝑜𝑛 becomes instantaneous zero can be eliminated by adjusting the dead-time section in dead-

time control. The graph of 𝑡𝑜𝑛 obtained after dead-time control from RTL simulation is similar to the 

theoretical 𝑡𝑜𝑛. The 𝑡𝑜𝑛 graph obtained from the RTL simulation can be compared with 
𝑇𝐶

2
 to obtain a 

virtual hall sensor with 𝑇 as the period. Terminal voltage has three phases—U, V, W, and W—each 

with a phase difference of 120°. The virtual hall sensor also has a phase difference of 120° each. 

However, using this method to obtain a virtual hall sensor is not suitable for overmodulation controls, 

which requires another digital ZCP filter algorithm. Fig. 2.3 shows the working of position-sensing 

digital ZCP filters for bipolar SPWM control in modulation. Through the algorithm, signals to be used 

as virtual hall sensor signals can be obtained. 
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Fig. 2.3 Algorithm flowchart of position-sensing digital ZCP filter for bipolar SPWM control in 

modulation. 
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Fig. 2.4 Working of position-sensing digital ZCP filter for bipolar SPWM control in modulation.  
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2.2 Design of Position-sensing Digital ZCP Filter for 

Overmodulation and Six-step 

 

In overmodulation, the greater the degree to which the sinewave is greater than the triangular wave, 

the more similar SPWM pulse becomes to the step function waveform. Also, in the case of six-step 

control, the terminal voltage has noise due to the commutation section where the body-diode of the 

MOS is turned on. In other words, the equation of 𝑡𝑜𝑛 cannot be expressed in overmodulation and six-

step because of such kinds of noise. Therefore, the design of the digital ZCP filter to obtain the virtual 

hall sensor is necessary without expressing the 𝑡𝑜𝑛  equation. Therefore, a digital ZCP filter with 

algorithms that can eliminate noise only and produce a constant periodic signal is needed. This digital 

ZCP filter mainly removes the noise of the signal caused by the terminal voltage passing through the 

comparator.  

The digital ZCP filter, which operates in overmodulation and six-step, works with the following 

algorithms: First, set a specific trimming value to filter. Then, measure the edge interval of the section 

using the counter from the rising edge of the input signal to the next rising edge. If the edge interval is 

greater than the filtering interval, create a detection pulse of width, such as one clock. When the detect 

pulse is ON, the output signal follows the current state of the input signal. Otherwise, the output signal 

does not change. However, the produced periodic output signal has a phase difference compared to the 

existing hall sensor. This phase difference must be compensated to be used as a virtual hall sensor. The 

step of periodic output signals should be changed through step control to match the step with the existing 

hall sensors to compensate this phase difference. After matching the step, change the output signal to 

have the same signal as the existing hall sensor by giving a delay as much as the trimming interval 

adjusted from the trimming value. Virtual hall sensor signals created through these algorithms replace 

position data provided by the hall sensors, which enables sensor-less control. 

Fig. 2.4 represents the algorithm flowchart of digital ZCP filter for bipolar SPWM control in 

overmodulation. Fig. 2.5 shows the operation of the flowchart of Fig. 2.4. By following this flowchart, 

noise with frequencies above a certain frequency can be removed or ignored. 
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Fig. 2.5 Algorithm flowchart of position-sensing digital ZCP filter for bipolar SPWM control in 

overmodulation. 
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Fig. 2.6 Working of position-sensing digital ZCP filter for bipolar SPWM control in overmodulation.  
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2.3 Schematic of Position-sensing Digital ZCP Filter  

 

Fig. 2.6 shows schematic of position-sensing digital ZCP filter. The schematic is created by using 

Verilog HDL. The role of each part is expressed related with Fig. 2.3 and Fig. 2.5.  

 

 

Fig. 2.7 Schematic of position-sensing digital ZCP filter.  
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2.4 Design of Slow Start-up Initial Driving  

 

In sensor-less control, start-up is one of the major problems which are mostly based on back-EMF 

estimation techniques. The main reason is that the back-EMF voltage cannot be seen at standstill. To 

solve the start-up problem, an open-lop start-up is utilized in [21]. However, a temporary reverse 

rotation or start-up failure may occur due to unknown load characteristics and no initial rotor position 

information [22].  

Another solution is to pre-align the rotor to the specified position by exciting any two phases of the 

motor for a fixed time [23]. However, during the pre-alignment, a reverse rotation or even a temporary 

vibration may occur. In addition, the pre-alignment may fail due to a large static friction [22]. To solve 

these start-up problems, many initial driving methods are proposed. Among them, methods of 

estimating initial rotor position were proposed. Most popular techniques to estimate the rotor position 

are based on the inductance variation, varying with the rotor position, which arises from the saturation 

effect of the stator iron core due to the permanent magnet [24]–[28]. However, such initial position-

estimating methods require additional elements (e.g., current sensor, high-resolution ADC, or voltage 

detector). This thesis designs a PWM open-loop slow start-up initial driving algorithm. The proposed 

open-loop start-up consists of 2 stages: the alignment stage and the acceleration stage.   
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Fig. 2.8 Overall operation and speed curve of proposed initial driving.  
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2.4.1 Initial Driving 1st Stage: Alignment Stage 

 

In open-loop start-up, the alignment stage should be preceded. Since the initial position of the rotor is 

unknown when starting the BLDC motor from a standstill, the 3-phase-inverter switches cannot be 

operated normally following the position of the rotor. Therefore, align the rotor to a specific position at 

first in the initial driving. However, in this process, the rotor can momentarily rotate rapidly or fluctuate 

in a moment in alignment, causing damage to the motor. It can also create problem in the following 

accelerating process.  

The rotor is rotated by the magnetic force between rotor and magnetic field of stator. As the rotor’s 

magnetic force cannot be changed, rotation can be controlled by changing the stator’s magnetic field 

intensity. The equation of magnetic field intensity can be expressed as equation (13). 

 

𝐵 = 𝑁
𝜇0𝐼

2𝜋𝑟
 (13) 

 

 

Where 𝑁 is the number of loop in coil, 𝜇0 is the permeability of free space, 𝑟 is the radius of the coil, 

and 𝐼 is the current flow in coil. As 𝑁, 𝜇0, and 2𝜋𝑟 is own characteristic of coil, only 𝐼 can change the 

magnetic field intensity. During alignment stage, in order to align the rotor to a specific position, turn 

on the certain switches in 3-phase-inverter. In this working, the current that flows in the coil can be 

expressed as equation (14). 

 

𝐼𝑐𝑜𝑖𝑙 ≈
𝑉𝑝ℎ𝑎𝑠𝑒
𝑅𝑐𝑜𝑖𝑙

≈
𝑉𝐵𝐴𝑇
𝑅𝑐𝑜𝑖𝑙

 (14) 

 

 

Where 𝐼𝑐𝑜𝑖𝑙 is the current flows in coil, and 𝑅𝑐𝑜𝑖𝑙 is the resistance of coil. 𝑅𝑐𝑜𝑖𝑙 can be expressed as 

equation (15).  

 

𝑅𝑐𝑜𝑖𝑙 ≈ 𝜌
𝐿𝑐𝑜𝑖𝑙
𝐴𝑐𝑜𝑖𝑙

 (15) 

 

 

Where 𝜌 is metal resistivity, e.g., 1.7 × 10−8(𝑜ℎ𝑚/𝑚)for copper, and 𝐴𝑐𝑜𝑖𝑙 is cross-sectional area of 

the coil wire. Through equation (14) and (15), when the rotor is aligned to a specific position, it can be 

inferred that the current flowing through the coil suddenly increases.  
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The magnetic field intensity is stronger than the situation that the switches are turned off, which leads 

the magnetic field to suddenly pull or push the rotor, causing sudden fluctuations. For this reason, 

magnetic field intensity should become stronger in linear proportion.  

 

 

Fig. 2.9 Switching operation of the 3-phase-inverter in alignment stage. (a) is previous alignment 

stage operation and (b) is proposed alignment stage operation 

 

We propose a PWM initial driving alignment to complete the operation. Unlike the conventional 

method, the proposed alignment stage does not turn on a specific switch but uses the PWM control to 

induce the rotor slowly to find its position. Fig. 2.8 shows switching operation of the 3-phase-inverter 

in the alignment stage. In Fig. 2.8, (a) describes a previous alignment stage operation which fixes the 

rotor to a specific position, while (b) is the proposed alignment stage operation. As described, in order 

to control magnetic field intensity, high-side switches are operated by PWM method. By turning on and 

off the high-side switches, an average phase current flow to the stator can be controlled. This process 

can lead magnetic field intensity control, and it induces and turns the rotor in a specific direction, 

enabling slow start-up. 
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PWM signal is made by comparing digital triangular wave and digital reference signal, which is used 

as duty ratio. The PWM signal is applied at high-side switches of 3-phase-inverter. In this case, the 

phase voltage of 3-phase-inverter can be expressed as equation (16). 

 

𝑉𝑝ℎ𝑎𝑠𝑒 ≈ 𝑉𝐵𝐴𝑇 ∙ 𝐷𝑢𝑡𝑦𝑟𝑎𝑡𝑖𝑜(%) (16) 

 

 

Fig. 2.10 PWM signal generating operation used in alignment stage.  

 

The equation relationship of magnetic field intensity of coil equation (16) can be expressed as equation 

(17).  

 

𝐵 ∝ 𝐼𝑐𝑜𝑖𝑙 ≈
𝑉𝑝ℎ𝑎𝑠𝑒

𝑅𝑐𝑜𝑖𝑙
=
𝑉𝐵𝐴𝑇
𝑅𝑐𝑜𝑖𝑙

∙ 𝐷𝑢𝑡𝑦𝑟𝑎𝑡𝑖𝑜(%) (17) 

 

By equation (17), the magnetic field intensity can be controlled by a control duty ratio. By increasing 

the duty ratio linearly, the rotor speed can also be increased linearly because duty ratio and speed are in 

a linear relationship. The power of the motor can be expressed as equation (18).  

 

𝑝𝑜𝑤𝑒𝑟(𝑃) = 𝑉𝑝ℎ𝑎𝑠𝑒 ∙ 𝐼𝑝ℎ𝑎𝑠𝑒 = 𝜏 ∙ 𝜔𝑚 + 𝐼2 ∙ 𝑅 + 𝐿 ∙ 𝐼 ∙ (
𝑑𝑖𝑝ℎ𝑎𝑠𝑒

𝑑𝑡
) (18) 

Where 𝜏(𝑁 ∙ 𝑚) is torque and 𝜔𝑚(𝑟𝑎𝑑/𝑠) is angular velocity.  
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The equation (18) can be rearranged as equation (19).  

 

𝑉𝑝ℎ𝑎𝑠𝑒 =
𝜏
𝐼
∙ 𝜔𝑚+ 𝐼 ∙ 𝑅 + 𝐿 ∙ (

𝑑𝑖𝑢
𝑑𝑡

) = 𝐾𝑡 ∙ 𝜔𝑚+ 𝐼 ∙ 𝑅 + 𝐿 ∙ (
𝑑𝑖𝑢
𝑑𝑡

) (19) 

 

Where 𝐾𝑡 is torque constant. Rearrange the equation (18) for 𝜔𝑚, then equation (20) can be derived.  

 

𝜔𝑚 =
1
𝐾𝑡
∙ 𝑉𝑝ℎ𝑎𝑠𝑒−𝑅 ∙

𝐼
𝐾𝑡

=
1
𝐾𝑡

∙ 𝑉𝑝ℎ𝑎𝑠𝑒−𝑅 ∙
𝜏

𝐾𝑡
2

 (20) 

 

Fig 2.10 shows the graph of torque and angular speed.  From the equation (20) and the equation (17), 

equation (21) can be derived. 

 

𝜔𝑚 ∝
1
𝐾𝑡

∙ 𝑉𝑝ℎ𝑎𝑠𝑒 =
𝑉𝐵𝐴𝑇
𝐾𝑡

∙ 𝐷𝑢𝑡𝑦𝑟𝑎𝑡𝑖𝑜(%) (21) 

 

As a result, both magnetic field intensity and angular velocity of motor have a linear relationship with 

𝑉𝐵𝐴𝑇 and duty ratio. By increasing the duty ratio as linearly, the magnetic field intensity and angular 

velocity of the motor can be increased as linearly. Therefore, this working induces the rotor to turn 

slowly and aligns the rotor position to the induced position.  
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Fig. 2.11 Graph of torque and angular speed of the BLDC motor.  
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As shown Fig. 2.11, the specific alignment stage operation is as follows. First, set reference RPM to 

be operated as maximum speed in alignment stage. Second, set period of switching step depending on 

reference RPM. The switching step is each step that rotates at intervals of 60°. In other words, the period 

per one cycle of rotor is six times the switching step period. Therefore, the RPM of the motor can be 

expressed as equation (22).  

 

𝑅𝑃𝑀 =
60

𝑆𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔𝑠𝑡𝑒𝑝 ∙ 6
=

10

𝑆𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔𝑠𝑡𝑒𝑝
 (22) 

 

Also, as motor speed is related to voltage, the RPM of the motor can be expressed as equation (23). 

 

𝑅𝑃𝑀 =
𝑉𝐵𝐴𝑇
𝑉𝑅𝑎𝑡𝑒𝑑

∙ 𝑅𝑃𝑀𝑅𝑎𝑡𝑒𝑑 ∙ 𝐷𝑢𝑡𝑦𝑟𝑎𝑡𝑖𝑜(%) (23) 

 

Where 𝑉𝑅𝑎𝑡𝑒𝑑 is rated voltage of BLDC motor, and 𝑅𝑃𝑀𝑅𝑎𝑡𝑒𝑑 is rated speed (RPM) of BLDC motor.  

 

 

Fig. 2.12 Switching step of alignment stage. 
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Third, increase duty ratio linearly from 0% to 100%. This operation increases the RPM of the motor 

linearly according to the increase in duty ratio. In this design, duty ratio increases by 1/64 (1.5625 %) 

per switching step. Fig. 2.12 shows operation of increasing speed and duty in the alignment stage. 

According to the set reference RPM and alignment time, duty increases linearly. If the rotor starts up 

slowly and if the RPM of the motor reaches to the reference RPM through this process, start the 

acceleration stage.  
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Fig. 2.13 Increase of speed and duty in the alignment stage.  
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2.4.2 Initial Driving 2nd Stage: Acceleration Stage 

 

After the alignment stage, acceleration stage begins. The acceleration stage operates with a gradual 

increasing switching frequency of the six-step control. Similar to controlling a stepper motor, this 

process controls the BLDC motor as an open-loop synchronous motor. To control the rotor in the 

acceleration stage, the acceleration block borrows initial driving curve of Texas Instrument, TI-

DRV10983 [29]. The speed equation of acceleration stage can be shown like equation (24). 

 

𝑆𝑝𝑒𝑒𝑑 = 𝑎1 ∙ 𝑡 +
1

2
∙ 𝑎2 ∙ 𝑡

2 (24) 
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Fig. 2.14 Speed graph and step sequence in acceleration stage.  

 

From the speed equation, as shown in Fig. 2.13, speed up the motor by gradually decreasing the step 

time. During the acceleration stage, the position-sensing digital ZCP filter for overmodulation and six-

step obtains virtual hall sensors from the U, V, W phase voltages. After obtaining the virtual hall sensor 

through the position-sensing block, check that it correctly obtains the rotor position according to the 

sequence of steps. If the steps are in a constant sequence, either clockwise or counterclockwise, for 

several laps continuously, the normal sensor-less operation begins. Afterwards, while switching the 3-

phase-inverter to a constant frequency, 𝑉𝐵𝐴𝑇 is changed and the speed of the motor is controlled. 
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2.4.3 Initial Driving TOP Block Diagram 

 

The initial driving TOP Block is shown in Fig 2.14. Each of the alignment stage blocks and 

acceleration stage blocks produces a gate control signal that goes into the 3-phase-inverter. This signal 

is selected through the gate control signal MUX. From the acceleration stage, virtual hall sensor signals 

are created using a position-sensing digital ZCP filter for overmodulation & six-step. If the step of 

virtual hall sensor signals is consistently matched through the checking step block, normal operation 

starts. The initial driving block was also made in Verilog HDL.  
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Fig. 2.15 Initial driving TOP block diagram. 
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2.5 TOP Block Diagram of SPWM Sensor-less BLDC Controller 

 

Fig. 2.15 shows SPWM sensor-less BLDC motor controller TOP block diagram. It consists of the 

circuits described and suggested above. Through the mode selection block, the TOP block can be 

operated with a desired control (i.e., six-step control, overmodulation SPWM control or modulation 

SPWM control). By distinguishing between initial driving and normal operation through gate signal 

MUX, both the initial driving TOP block and the bipolar SPWM BLDC motor controller generate 3-

phase-inverter gate control signals as output signals. To control the position-sensing digital ZCP filter, 

bipolar SPWM BLDC motor controller, and trimming value used in the initial driving block, a separate 

internal register control block is designed. All blocks, including the register block that controls the 

trimming value and gate signal MUX, are created using Verilog HDL, as is the TOP block including the 

register control block and gate signal MUX.  
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Fig. 2.16 SPWM sensor-less BLDC motor controller TOP block diagram. 
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3. Simulation and Experiment Results 

3.1 Simulation Results 

 

To check the operation of the RTL code, after making a testbench with Verilog HDL, designed blocks 

are checked by using Questa's Modelsim. The Fig. 3.1 shows the simulation result of position sensing 

digital ZCP filter for modulation. The ON pulse peak holder graph shows the sinusoidal wave form 

following Fig. 2.4. The output signals of Fig. 2.4 which are made from comparing ON pulse peak holder 

graph and 
𝑇𝐶

2
 are also shown in Fig. 3.1 From Fig. 3.1, it can be seen that the virtual hall sensor signals 

are made from the ON pulse peak holder graph. Also, it follows the steps of original hall sensor signals. 

As the steps The steps of the virtual hall sensors coincide with the steps of the original hall sensors, and 

the delay difference between the original and virtual signals is within 5% of the signal period. This 

means that the signals generated by position sensing digital ZCP filter for modulation can be used for 

sensor-less driving. 

 

 

 

 

 

 

 

Fig. 3.1 Simulation of position sensing digital ZCP filter for modulation. 
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The Fig. 3.2 shows the simulation result of position sensing digital ZCP filter for overmodulation. 

Following Fig. 2.6, the output signals are made from the phase signal which can be seen in Fig. 3.2. 

From Fig. 3.2, it can be seen that the virtual hall sensor signals are made from the count interval graph. 

By comparing count interval and filtering interval, detect pulse is on, and the output signal follows the 

current state of phase signal. Also, steps of virtual hall sensor signal follows the steps of original hall 

sensor signals. It also shows that the signals generated by position sensing digital ZCP filter for 

overmodulation can be also used for sensor-less driving in SPWM overmodulation. Fig. 3.3 shows the 

gate signals in slow start-up alignment stage and acceleration stage. The simulation results come out as 

designed, and the designed circuits are verified that they actually operate normally through experiments. 

 

 

 

Fig. 3.2 Simulation of position sensing digital ZCP filter for overmodulation. 

 

 

Fig. 3.3 Simulation of slow start-up alignment stage & acceleration stage. 
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3.2 Experiment Setup 

 

The specification of BLDC motor used in the experiment is shown in Table. 3.1. The BLDC motor 

used in the experiment is BD42-I012007 from Sewoo Industrial Systems. It has a rotor of 4 poles, a 

rated voltage of 12V, a rated power of 7W, and a rated speed of 2400RPM. From the specification, 

information of rated voltage and rated speed required for initial driving can be obtained. Table. 3.2 

shows the specification of 3-phase-inverter used in the experiment. The 3-phase-inverter used in the 

experiment is HIP2103-4DEMO2Z from Renesas. It includes pre-drivers HIP-2103 and HIP-2104 

which is compatible with 3.3V or 5V logic. In order to control this 3-phase-inverter and to prevent 

shoot-through current, it must have a clear sleep time of at least 20us and a minimum dead-time of 

200ns. Fig.3.1 and Fig.3.2 show the test board of the experiment and the block diagram of the 

experiment setup environment. Using a power supply and function generator, VBAT is supplied to 3-

phase-inverter and 10MHZ clock is supplied to SPWM sensor-less BLDC motor.  

 

 

 

Table. 3.1 Specification of BLDC motor (BD42) used in the experiment.  

Parameters Values 

Rated voltage 12V 

Rated speed 2400RPM 

Rated output 7W 

Rated torque 0.28 kgf-cm 

Number of poles 4 

 

 

Table. 3.2 Specification of 3-phase-inverter (HIP2103-4DEMO2Z) used in the experiment. 

Parameters Values 

Operating voltage range 5V to 40VDC 

Maximum continuous bridge current 
60A 

(with sufficient air flow and/or heatsinking) 

Minimum time for clear sleep mode  20us 

Minimum dead-time 200ns 

High-side input voltage 3.3V or 5V logic compatible 

Low-side input voltage 3.3V or 5V logic compatible 
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Fig. 3.4 Test board of the experiment. 

 

 

Fig. 3.5 Block diagram of experiment setup. 
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3.3 Experiment Results 

 

Fig. 3.3 shows the getting virtual hall sensor signals by position-sensing digital ZCP filter for SPWM 

modulation control. As shown in the figure, it can be seen that the virtual hall sensor signal is created. 

The enlarged figure shows the phase voltage in SPWM modulation control. 

 

 

  

(a) 

  

(b) 

Fig. 3.6 Getting virtual hall sensor signal by position-sensing digital ZCP filter for modulation.  

(a) is modulation control and (b) is enlarged figure of (a). 
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Fig. 3.4 shows the getting virtual hall sensor signals by position-sensing digital ZCP filter for 

overmodulation and six-step in six-step control. As shown in the figure, it can be seen that the virtual 

hall sensor signal is created using the phase signal generated from the phase voltage. The virtual hall 

sensor signal can be obtained by filtering the noise generated by the freewheeling diode. 

 

 

 

 

(a) 

  

(b) 

Fig. 3.7 Getting virtual hall sensor signal by position-sensing digital ZCP filter for overmodulation 

and six-step. (a) is six-step control and (b) is filtering interval. 
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Fig. 3.5 shows the getting virtual hall sensor signals by position-sensing digital ZCP filter for 

overmodulation and six-step in overmodulation control. As shown in the figure, virtual hall sensor 

signal is created using the phase signal generated from the phase voltage. Virtual hall sensor signal can 

be created through filtering as in six-step. Since the filtering interval differs according to the VBAT and 

interval of dead-time control, the trimming of the position-sensing digital ZCP filter must be adjusted. 

 

 

  

(a) 

  

(b) 

Fig. 3.8 Getting virtual hall sensor signal by position-sensing digital ZCP filter for six-step and 

overmodulation. (a) is overmodulation control and (b) is filtering interval. 
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Fig. 3.6 shows the high-side gate control signals in slow start-up initial driving. As shown in the figure, 

high-side gate control signals have the form of a PWM signal depending on the duty ratio. For instance, 

in Fig. 3.6 (b) shows PWM signal used for high-side switch of U phase and duty ratio. From these 

experiment results, it can be seen that the SPWM sensor-less BLDC motor controller works as designed. 

 

 

 

  

(a) 

  

(b) 

Fig. 3.9 High-side gate control signals in slow start-up initial driving.  

(a) is high-side gate control signals and (b) is enlarged GATE_UH signal in (a). 
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4. Conclusion 

 

This thesis presents a position-sensing ZCP filter for 3-phase sinusoidal BLDC motor controller and 

slow start-up initial driving, which are necessary for BLDC motor sensor-less control. The proposed 

position-sensing ZCP filter can determine the position of the internal rotor by generating virtual hall 

sensor signals from the phase voltages of a BLDC motor. The position-sensing ZCP filter consists of 

two cores each operating in six-step control and SPWM control. In addition, the proposed slow start-

up initial driving, consisting of two stages, can prevent reverses in rotation or temporary vibration that 

occurs during pre-alignment. The SPWM sensor-less BLDC motor control is implemented through the 

above proposed circuit and algorithm. 
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5. Future Works 

 

With the proposed SPWM sensor-less BLDC motor controller, additional PID controller about 

position-sensing ZCP filter is necessary for making more accurate virtual hall sensor signals. First, a 

complementary circuit is required according to sudden torque or speed changes. Sensor-less control 

works based on a certain speed of 1000-2000rpm or more because of virtual hall sensor signals. In 

addition, the sudden application of a large load to the BLDC motor will impair rotation, making virtual 

hall sensor signals impossible. To solve these problems, an additional complementary circuit is needed 

to create virtual hall sensor signals according to variables of speed and torque through a PID controller. 

In addition, it is necessary to prepare for situations in which the torque changes due to a sudden large 

load, and the virtual hall sensor signals generated based on the phase voltage will not appear. To this 

end, sensor-less control must be compensated by adding a method to create virtual hall sensor signals 

through phase current sensing. Second, it is necessary to automatically set the trimming value used in 

the digital ZCP filter for overmodulation. The trimming value used as an input in the digital ZCP filter 

for overmodulation is used to eliminate noise above a certain frequency of the phase voltage, and the 

location of the virtual hall sensor signals varies according to the trimming value. Also, since the 

frequency of the phase voltage noise varies according to the speed of the BLDC motor, the trimming 

value must be changed according to the speed. It is necessary to control for the change in the trimming 

value with a PID controller dedicated to ZCP filter.  

 

 

 

  Fig. 5.1 Proposed SPWM sensor-less BLDC controller applying with PID controller. 
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