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Abstract 

 
This paper presents a simple lead angle adjustment method for brushless DC motors. The proposed method is based on the motor 

current dynamics analysis during the current commutation interval. With the proposed scheme, the phase current and phase 
back-EMF voltage are in phase and the BLDC motor and drive system have a high efficiency induced by the reduced copper and 
conduction losses. Experimental results are shown to validate the proposed method. 
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I. INTRODUCTION 
DC motors have been widely used in a number of low power 

industrial equipment applications because of their ease of 
control, low cost and simple torque-speed characteristic. 
Despite these advantages, dc motor drives have many 
disadvantages: bulky construction, low efficiency, low 
reliability and need of maintenance. These are mainly due to 
the presence of the mechanical commutators and brushes of 
DC motors [1]. Hence, the demands for high efficiency and 
compact volume have been motivating factors for the 
replacement of dc motors with BLDC (Brushless DC) motors. 
BLDC motors have a number of advantages such as high 
efficiency, a high power factor, a high power density, low 
acoustic noise and low maintenance cost since no brushes or 
commutators are used. Moreover, the rapid growth in 
solid-state power semiconductor technology has made it 
increasingly practical to introduce BLDC motor drives [1]-[7].  

However, BLDC motors need more complex motor drives 
when compared with dc motor drives. One of the complicated 
points is the current lagging problem in high speed drives 
which is induced by the impedance of the inductance at a high 
frequency. For this reason, the phase current cannot be built up 
to a demand level and the motor output power and efficiency 
decrease in high speed operation. In order to solve this problem, 

lead angle injection methods have been utilized [8]-[12].  
Tozune [8], Safi [9], Sue [10], Kim [11], and Lee [12] have 

demonstrated the validity of lead angle injection for high speed 
BLDC drives. They have verified that the output performance 
has been improved in the motor current and output torque with 
lead angle injection and the proposed lead angle adjustment 
rules.  

Tozune [8] proposed a phase advancing circuit which 
changes the lead angle depending on the motor speed. The 
circuit is simple and effective for high speeds. However, it is 
not easy to design the proposed circuit for the entire speed 
range and for various demand torques. Safi [9] studied the 
effects of the lead angle on both the speed/torque performance 
and the phase current with an analytical model. In Sue’s model 
[10], a scaling factor for lead angle calculation is given by 
experiments. Im [11] presented a maximum torque control 
method with a lead angle decision rule. In the presented 
method, it was assumed that the phase currents led to back 

 
Fig. 1. Equivalent circuit of BLDC motor and inverter. 
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EMFs. However, phase currents in phase with the back-EMFs 
are better for minimizing copper loss. Lee [12] analyzed the 
vibration and the electrical characteristics of BLDC motors 
according to the lead angle. They showed that BLDC motors 
have lower vibrations and higher torque per ampere with the 
lead angle injection.  

In this paper, a simple lead angle adjustment method is 
proposed based on simplified BLDC motor current dynamics 
during the commutation interval. With the proposed method, 
the motor current and motor back-EMF have an identical phase 
angle. In addition, the motor and drive system has a low copper 
loss (high efficiency) and a high motor power. 

 
 

II. PRINCIPLE OF A BLDC MOTOR  
 

Fig. 1 shows the inverter configuration with an equivalent 
circuit of a BLDC motor. The BLDC motor has a three-phase 
wye configuration where ‘n’ and ‘g’ are the neutral points of 
the three phase stator winding and the inverter ground. ean (= 
eas + esn), ebn ( = ebs + esn), and ecn ( = ecs + esn) denote the a, b, 
c-phase back EMF and satisfy eas + ebs + ecs = 0. Here, ‘s’ 
denotes the equivalent neutral point. esn is the common mode 
voltage of the phase back EMF. L is the equivalent phase 
inductance which is the sum of the self and mutual inductance. 
R and Vdc denote the resistance and the DC-link voltage, 
respectively.  

In general, the model of a BLDC motor in terms of the phase 
variables is represented as follows: 
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van, vbn, and vcn denote the BLDC motor phase voltages; and ia, 
ib, and ic denote the phase motor currents, respectively. T is a 
matrix which removes the common mode voltage signals. 
Due to the three phase three wire configuration, the phase 
currents satisfy ias + ibs + ics = 0. Hence, the common mode 
voltages can not affect the phase current dynamics and T is 
presented in (2) to eliminate the common mode voltages. It has 
been assumed that the phase back-EMFs have half-wave 
symmetrical waveforms and that they also have the same 
magnitude for the three phase windings with 2π/3[rad.] phase 
shift each other. In addition, the motor torque is achieved to 
demand the level by utilizing the voltage controlled uni-polar 
PWM strategy. From the last term of (1), the applied voltage 
can be represented as follows:  

 
Fig. 2. Plots of phase Back-EMF, phase current and inverter 
switch signal. 
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Fig. 3. Waveforms of Back-EMF and phase current (a) at low 
speed without lead angle injection, (b) at high speed without 
lead angle injection, (c) at high speed with lead angle injection. 
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vas, vbs, and vcs denote the applied inverter phase voltage 
without the common mode voltage. From (1) and (2), the 
BLDC motor can be represented as: 
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Ideally, a BLDC motor is driven by a three-phase inverter 
with the DC current excitation applied over 120 degrees which 
is called the six-step commutation algorithm. At any period, 
only two of three phases are excited where the motor current 
flows into one phase and then out another. For instance, when 
a-phase and b-phase conduct current, c-phase is not excited and 
the phase current is zero. Fig. 2 shows plots of the phase 
back-EMFs of a BLDC motor and the 120 degree excitation 
rule by an inverter with a zero commutation interval.  

At a low speed, the current waveform is close to an ideal 
rectangular waveform with a phase voltage applied during each 
phase-conduction time interval to force the demand current 
excitation. During each interval, the applied phase voltage 
exceeds the back-EMF by an amount equal to the voltage drop 
across the winding resistance. However, the inductive 
reactance of the winding results in a significant phase delay at a 
high speed since the one period conduction time is shorter. The 
output torque of the drive also decreases since the phase 

current magnitude is out of phase with the back-EMF by the 
phase delay. This current excitation delay can be compensated 
to some extent by injecting each phase voltage earlier. This is 
called lead angle adjustment. With lead angle adjustment, the 
phase currents in the motor windings are allowed to be built up 
in advance.  

Fig. 3 shows plots of the back-EMF and phase current 
waveforms at (a) a low speed and at (b), (c) a high speed, 
where θ denotes the lead angle. At a low speed, shown in Fig. 3 
(a), the phase current is built up to the current demand quickly 
since the phase back EMF and the phase delay by the motor 
inductance are low. However, at a high speed, the phase 
back-EMF and the phase delay by the motor inductance are 
quite high. As shown in Fig. 3 (b), the phase current time delay 
from zero to the current demand has a large portion of the 
overall time interval. This reduces the output torque and power, 
and increases the torque ripple. Hence, by injecting the phase 
voltage in advance, as shown in Fig. 3 (c), the current level 
reaches its current demand earlier, and the current delay can be 
compensated easily. Moreover, the low back EMF at the 
commutation start increases di/dt and reduces the commutation 

 
Fig. 4. Phase current waveform (a) for one period, (b) for 
excitation winding switch with optimal lead angle. 

 
Fig. 5. Current conduction for (a) t < t1, (b) t1 < t < t2, (c) t2 < t. 
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time.  
The lead angle represents how early the phase voltage is 

injected. As the lead angle q increases, the phase current 
excites the winding earlier. When each phase current has the 
same phase angle as each phase back EMF, the BLDC motor 
needs a lower demand current for a given torque demand and 
achieves a high efficiency due to the reduced copper loss. In 
the next section, a mathematical BLDC motor model defining a 
simple lead angle, which makes each phase current phase have 
the same phase as each phase back EMF, is presented. 

 
III. LEAD ANGLE ADJUSTMENT METHOD 

Fig. 4 and Fig. 5 show the phase current waveforms and 
drive switching states of the current commutation interval 
when the excitation winding changes from ‘a-phase to c-phase’ 
to ‘b-phase to c-phase’ for t1 < t < t2. t1 and t2 are the current 
commutation start and end times. I1 and I2 satisfies ias(t1) = 
-ics(t1) = I1 and ibs(t2) = -ics(t2) = I2. After the T1 switch turns off, 
the freewheeling diode of T2 start to conduct ia until it 
decreases to zero. At the same time, T3 turns on and ib increase 
to I2. By assuming that T1~T6 are ideal transistors, the phase 
voltage for t1 < t < t2 can be derived as: 

 
[ ] [ ]Tdc

T
csbsas DVvvv 3/13/23/1 -=     (4)   

 
where D denotes the duty ratio. The phase voltage (4) is 
obtained based on the mean applied voltage with an 
assumption of a constant duty ratio D during the commutation 
interval. With (3) and (4), the phase current dynamics can be 
obtained as: 
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Applying the Euler method to (5)-(7), the following is 
obtained: 
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If the lead angle which makes the phase current and the phase 
back EMF is allowed to have the same phase angle, the 
integration of ea and eb over the commutation interval [t1, t2] 
have the same magnitude as shown in the shaded region of Fig. 

TABLE I 

INTEGRATION RESULTS OF PHASE BACK EMFS FOR THREE DIFFERENT SHAPES 
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Fig. 6. Control block diagram with proposed method. 
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the commutation time t2-t1 is obtained as 
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Assuming R(I1-I2)<<DVdc, the commutation time can be 

simply represented as follows: 
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To obtain the lead angle from (12), the values of I1 and I2 are 

needed. I1 can be obtained easily by measuring ia just before T1 
turns off or the maximum value of the DC link current. I2 can 
be measured also. However, it is not easy to measure I2 since 
the precise measurement timing t2 is hardly defined without I2. 
Hence, the calculated value from (10) and (12) is utilized. To 

obtain I2, the last term ò
2

1

t

t csdte  of (10) is difficult to calculate, 

since it depends on the shape of the phase back EMFs. In Table 

I, ò
2

1

t

t csdte  is represented for three different shapes of the 

back EMF, where E and f denote the peak phase back EMF of 

ecn and the electrical frequency of the speed. For t1 < t < t2 and 
R(I1+I2)<<DVdc, I2 can be estimated as: 
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For case 2, I2 is too complicated to use in the application. 
Therefore, a is defined to satisfy 3/41 ££a . If a  is 1 or 
4/3, it is the same with case 1 or case 3. With (14) and (12), 
the lead angle can be obtained as follows: 
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By injecting the proposed lead angle (16), the phase back EMF 

 
Fig. 7. Measured voltages and currents comparison of A-motor under 0.1Nm load torque at 2530rpm, and D=1, (a) without lead angle 
injection, (b) with proposed lead angle adjustment method. 

 

 
Fig. 8. Measured voltages and currents comparison of B-motor under 2Nm load torque at 3750rpm and D=1, (a) without lead angle 
injection, (b) with proposed lead angle adjustment method. 
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and the phase current have identical phase angles and the motor 
efficiency and the output power increase. 

 
 

IV. EXPERIMENTAL RESULTS 
 

In order to verify the proposed lead angle adjustment scheme, 
experiments are carried out with two BLDC motors and 
inverters having different voltage and power ratings. To 
exclude the PWM effect, set D=1. The parameters of the 
BLDC motors and inverters which are utilized in this study are 
summarized in Table II. Fig. 6 shows a block diagram of the 
proposed lead angle method. At the bottom of the inverter DC 
link capacitor, the shunt resistor and peak current detector are 
installed to measure I1. The peak current detector is reset at 
every commutation. The measured peak current and hall sensor 
signals are utilized to generate the proposed lead angle. 

Fig. 7 and Fig. 8 show the measured voltage and current 
plots with the A-motor (2530rpm) and B-motor (3750rpm). Fig. 
7 (a) and Fig. 8 (a) are without the lead angle injection while 
Fig. 7 (b) and Fig. 8 (b) are with the proposed lead angle 
adjustment scheme, where Vag denotes the a-phase voltage 
between the leg and the inverter ground, and ta and tb denote 
the time intervals from the commutation start time t1 to ea(t)=0 
(Vag(t)=Vdc/2) and from ea(t)=0 to the commutation end time t2 

(ia(t)=0). Since three-phase three-wire BLDC motors are 
utilized, the phase back EMF cannot be directly measured.  

TABLE II  

MOTORS AND INVERTERS PARAMETERS 

Items 
Specification 

A-Motor B-Motor 

Output power[W] 25 500 

Number of Poles 12 8 

Resistance [Ω] 1.4 1.1 

Inductance [mH] 0.3 4.5 

DC-link voltage [V] 12 150 

 
Hence, during the commutation time, the back EMF zero 

crossing event is observed at Vag=Vdc/2 [4]. When ta and tb have 
the same value, the phase current and the back EMF are in 
phase. In Fig. 7 (a) and Fig. 8 (a), the phase current generates 
the output torque to overcome the load torque. Without the lead 
angle adjustment, tb is longer than ta, which means that the 
phase current lags the back EMF. However, in Fig. 7 (b) and 
Fig. 8 (b), the proposed lead angle adjustment method makes ta 
and tb be equal by injecting the calculated lead angle with (16). 
With the proposed lead angle adjustment scheme, the phase 
currents are in phase with the back EMFs. Since the maximum 
output torque generation occurs when the phase currents are in 
phase with the back EMFs, the overall phase currents 
especially in terms of the peak values are lower than in Fig. 7 
(a) and Fig. 8 (a). 

 
(a) 

 
(b) 

Fig. 9. Comparison of measured value and calculated value of, (a) t2-t1 by eq.(12) and measurement, (b) I2 by eq.(14) and 
measurement (D=1). 
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Fig. 9 shows a comparison of the measured and calculated 
values of (a) t2-t1 and (b) I2 versus I1. The calculated values are 
by (12) and (14). In Fig. 9 (a) and (b), the calculated value has 
a very precise result for a low I1. In a high I1, the phase 
inductances decrease by the core saturation and the winding 
resistor is not negligible. The calculated and measured values 
have to some differences. 

Fig. 10 shows the efficiency results of the motors and 
inverters without lead angle injection and with the proposed 
method. With the proposed lead angle adjustment method, the 
efficiency is higher. This mainly comes from the decreases in 
both the copper losses in the BLDC motors and the conduction 
losses in the inverters. 
 
 
 
 
 

V. CONCLUDING REMARKS 
 

In this paper, a lead angle adjustment scheme has been 
proposed. The proposed scheme is based on the simplified 
mathematical model. The calculated lead angle was obtained 
by utilizing only the information of the input DC-link voltage 
and motor inductance. With the proposed scheme, the motor 
current and motor back-EMF are in phase and the BLDC motor 
and drive system have low copper losses and a high efficiency 
induced by the low motor currents. Experimental results have 
validated the effects of the proposed method. 
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