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Abstract—Brushless direct-current (BLDC) motors are being
regarded as a standard of actuation methods for precise and
heavy-duty applications, such as robots and vehicles. To improve
the efficiency and torque performance of the BLDC motors,
various design parameters (e.g., the magnetic flux density, core
material, etc.) have been investigated. Phase delay compensation
(PDC), also often called phase advance angle control, is also an
attractive method that improves the actuation efficiency of BLDC
motors without any mechanical modification of the motors. Due to
the inductance of the BLDC motor windings, the magnetic flux of a
rotor and that of a stator are not generated in phase, which causes
a phase delay in magnetization of the coil. Due to this phenomenon,
the efficiency of the BLDC motor is remarkably decreased, in par-
ticular at a high speed, and the PDC can be applied to compensate
for this phase delay. In this paper, Fourier-series-based PDC is pro-
posed to improve the efficiency of the motor; the phase delay angle
is calculated based on the dynamic model of the motor windings
and its Fourier series. The proposed Fourier-series-based PDC is
realized by designing an inverter circuit that switches the phase
voltages according to the proposed algorithm. The performance of
PDC is verified at experiments in terms of not only T–N curve but
also control performance. According to the experimental results,
PDC improves output torque, efficiency, and control performance.

Index Terms—Brushless dc motor, motor driver, phase current
delay, phase delay compensator (PDC).

I. INTRODUCTION

P ERMANENT magnet brushless direct-current (BLDC)
motors have various advantageous characteristics, such as

high efficiency, high power density, and high speed operation
range. In addition, compared to conventional brushed dc motors
that include the mechanical contact structure of a commutator
and brushes, the BLDC motors generate lesser electromagnetic
and mechanical noises and show better durability due to the
absence of the mechanical contact. Therefore, they have been
widely used, such as home appliances, electronic products, vehi-
cles, industrial machinery, and medical devices [1]–[5]. While
the electric phase current is mechanically and automatically
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Fig. 1. Two-phase excitation method with six steps for driving three-phase
BLDC motors. HA, HB, and HC represent the hall sensors located at the three
positions.

switched in the brushed dc motors, BLDC motors often require
position sensors, such as hall sensors, to obtain the position in-
formation for synchronization between a magnet and the mag-
netic field by a coil. In particular, the three-phase BLDC motors,
which are the most common BLDC motors, are driven accord-
ing to the six steps of the rotor positions distinguished from the
hall sensor signals as shown in Fig. 1; for the continuous rota-
tion of a rotor, a stator should be alternately magnetized by the
current drive circuit of an inverter that switches phase currents
according to the hall sensor signals. A two-phase excitation
method, in which two phases are excited whereas the remaining
one phase is floating, is the most commonly used for driving
the three-phase BLDC motors [6]. In the two-phase excitation
method, it is assumed that the detection of the hall sensor sig-
nals and the phase transition occur at the same time. In practice,
however, the phase current is delayed from the phase transi-
tion instance due to the commutation scheme of BLDC motor
[7], [8], and the inductance of motor windings [9]. Espe-
cially, the larger inductance of windings and the higher op-
eration speed, the more delayed phase current. This problem
may considerably deteriorate the performance of BLDC mo-
tors, such as the output torque and efficiency reduction at a
high speed [10], [22]. Consequently, the operation range of

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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BLDC motors is reduced, and the efficiency at a high speed is
lowered.

Phase delay compensation (PDC), which is also often called
phase advance angle control, has been studied to solve the phase
delay problem in BLDC motor systems; it is to compensate for
the phase delay caused by the inductance of motor windings.
The improved torque and speed performances of BLDC motors
by the PDC have long been verified through extensive simu-
lations and experiments [11]–[17]. In addition, many practical
methods for realizing the PDC have been investigated also. For
example, Woo et al. [18] utilized a phase locked loop for es-
timating the phase delay angle, and implemented it into a mi-
croprocessor. They experimentally verified that the efficiency
of the BLDC motor could be improved by PDC. However, it is
difficult to determine the optimum phase delay angle when an
exogenous disturbance is applied to the motor, because it lacks
the feedback information from the motor in their method. The
phase advance circuit also have been proposed that removes
the harmonic frequency. While most of the existing PDC meth-
ods improve the actuation performance and efficiency of BLDC
motors at a high speed, they often deteriorate the motor perfor-
mance at a low speed [19]. In addition, when the estimated phase
delay is inaccurate, it is difficult to compensate for the actual
phase delay effectively. In recent years, as sophisticated con-
trol devices, electric peripherals, and power devices have been
improved dramatically, it has become able to develop a new
PDC approach. For example, most studies are calculated the
phase delay angle by analysis the waveform of phase current in
commutation period [20]–[24]. Also, a linear model and a scal-
ing factor for the phase advanced commutation were proposed
in [25].

In this paper, a Fourier-series-based PDC is proposed for
improving the output torque and power efficiency of a BLDC
motor at high speeds. The proposed method utilizes an angular
position sensor for detecting the phase advanced instance and
uses the rotor angular speed as feedback information for cal-
culating the required phase advance angle. The required phase
advance angle, which is to compensate for the phase delay due
to the inductance of motor windings, is calculated based on
a transfer function consisting of the inductance and resistance
of the motor windings. Then the transfer function is converted
into its Fourier series for implementation. The proposed PDC
method is realized by a digital logic circuit and a micropro-
cessor, and its performance is verified through simulation and
experimental results comparing with conventional BLDC motor
driver systems.

II. DESIGN OF A PHASE DELAY COMPENSATOR (PDC) FOR

BLDC MOTORS

A. Modeling of a BLDC Motor

The dynamic model of a three-phase BLDC motor driver is
obtained for estimating the required phase advance angle to
improve the actuation efficiency of the motor. Assuming that
the resistance, R, the inductance, L, and the mutual inductance,
M , are the same for the three windings, the dynamic response
of the electric potential in the three windings can be modeled as

Fig. 2. Frequency response of the phase current in the motor winding of a
BLDC motor.

a set of simple first order equations as follows [26]:
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where v and i are the phase voltage and phase current, respec-
tively, and the subscripts, u, v, and w, represent the three phases.
The back-electromotive force (EMF) of each phase, eu , ev , and
ew have trapezoidal shapes.

Ignoring the energy dissipation by heat, the electromagnetic
power is to be totally transformed into the kinetic energy. There-
fore, the electric motor torque can be obtained as

τe =
eu iu + ev iv + ew iw

ωm
(2)

where ωm is the angular speed of a rotor. The electric motor
torque in (2) can also be obtained from the fact that the torque
and the current, and the angular speed and the back-EMF are
proportionally related with each other. For more details, refer
to [13].

When the moment of inertia, J , and viscous friction, B, are
imposed on the rotor, the equation of mechanical motion is

J
dωm

dt
+ Bωm = τe + τL (3)

where τL is an external torque applied to the rotor.

B. Efficiency Reduction by the Phase Delay

Taking the Laplace transformation of (1) for each winding,
a transfer function of the electric relationship from effective
phase voltage (i.e., phase voltage minus back-EMF) to the phase
current (i.e., an output) can be obtained as

G(s) =
1

Ls + R
(4)

where L and R are as defined in (1), and s is the Laplace operator.
The mutual inductance, M , has been neglected because it is
small compared to the inductance L in general [27]. Fig. 2
shows the frequency response of (4) with the actual parameters
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Fig. 3. Simulation result of the ideal phase current and real ideal phase current
at a high speed: in (a)–(c), the dashed lines show the back-EMF, the continuous
thin lines show the ideal phase current, and the continuous thick lines show the
real phase current.

of a BLDC motor (EC-4pole 200W from Maxon Motor Compa
ny [28]). As shown in the figure, the phase current is to be
delayed as the rotation speed of the rotor increases. Namely, the
phase delay angle is increased as the switching rate of phase
transition increases. The phase delay angle in the electric phase
current can be calculated from the transfer function in (4), i.e.,

φ(ω) = tan−1
(

Im(G(jω))
Re(G(jω))

)
= tan−1

(−Lω

R

)
(5)

where ω represents the frequency component of the electric
phase current.

Fig. 3 shows the simulation result of the back-EMF, the ideal
phase current without the phase delay, and the realistic phase
current (i.e., one with the phase delay) at the maximum rotation
speed of the EC-4pole BLDC motor [i.e., 16 000 revolutions
per minute (r/min)]. The parameters are the same as in Fig. 2.
Notice that the effective phase voltage applied to each winding
has a quasi-square waveform, which is the case of most BLDC
inverter systems [29]. When the phase current is delayed from
the effective phase voltage due to the resistance and inductance
of windings, as shown in Fig. 3, the magnetic field of the wind-
ings cannot be generated in phase with the back-EMF. This
phase mismatch between the phase current and the back-EMF
significantly reduces the output torque magnitude and the mo-
tor efficiency, which also limits the maximum speed of a BLDC
motor.

C. Design of a Fourier-Series-Based PDC

In this section, a PDC method based on Fourier series is in-
troduced. Since the shape of effective phase voltage applied
to windings of a BLDC motor is not a sinusoidal waveform,
(5) cannot be directly used for the design of a PDC algorithm.

Therefore, the frequency components of the quasi-square wave-
form [29], which is similar to the effective phase voltage wave-
form, is obtained by Fourier series as follows:

va(t) =
2
π

∞∑
n=1

bn

n
sin (nωet) (6)

where the coefficient bn is

bn = cos
(nπ

6

)
− cos

(
5nπ

6

)
. (7)

The phase current induced from the effective phase voltage in
(6) in a winding can be calculated by (4), i.e.,

i(t) =
2
π

∞∑
n=1

bn

n

sin (nωet + φ(nωe))√
L2n2ω2

e + R2
(8)

where φ(•) is as in (5).
It should be noted that in most of the practical BLDC in-

verter systems, the only control variable in the inverter circuit
is the triggering instance of the phase voltage, which is deter-
mined according to the change of hall sensor signals in general.
Therefore, the phase delay in the induced phase current can
be compensated by changing the triggering instance. Suppose
that a new phase voltage, vPDC(t) = v(t + dt), is applied to the
motor windings by an inverter circuit. Then, the induced phase
current is

iPDC(t) =
2
π

∞∑
n=1

bn

n

sin (nωet + nωedt + φ(nωe))√
L2n2ω2

e + R2
. (9)

Therefore, if dt = −φ(nωe)/nωe , the phase delay due to the
resistance and inductance can be perfectly compensated. When
the required time advance, dt, is determined considering only
the first frequency component (i.e., n = 1), it may be set such
that dt = −φ(ωe)/ωe = tan−1

(
Lωe

R

)
/ωe . The effective phase

voltage and phase current waveforms, however, include infinite
frequency components as in (9), and, thus, dt should be deter-
mined considering as many frequency components as possible
to effectively compensate for the phase delay.

In this paper, the time advance, dt, is obtained by a weighted
summation of −φ(nωe)/nωe for n = 1, 2, ..., N , i.e.,

dt =
1
ωe

N∑
n=1

cn

n
tan−1

(
nLωe

R

)
(10)

where N is a large number, and cn ’s are weighting factors. It
is reasonable to set cn to be proportional to bn in (7), because
the larger the magnitude of a frequency component, the more
influential the frequency component in the synthesized signal.
In this aspect, the proposed coefficients are

cn =
|bn |/n∑N

k=1 |bk |/k
. (11)

Notice that the coefficients are scaled by (
∑N

k=1 |bk |/k)−1

in order to make
∑N

n=1 cn = 1. By the scaling, dt =
1

ωe
tan−1

(
Lωe

R

)
for N = 1, as desired. Given N , L, and R,

the coefficients are deterministic and, thus, they can be cal-
culated once any BLDC motor is selected. For example, for
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Fig. 4. Phase delay curves; the continuous line shows the single frequency
case, the dashed line shows the phase delay calculated by the proposed Fourier-
based PDC, and the circular markers show its curve-fit.

N = 100, the coefficients for the EC-4pole BLDC motor, which
has L = 0.0163 mH and R = 0.102Ω [28], are c1 = 0.5216,
c3 = 0, c5 = 0.1043, c7 = 0.07451, c9 = 0,..., and c2i = 0 for
all i = 1, 2, 3, ..., 50.

For the implementation of the proposed PDC, the calculated
time advance, dt, should be applied to the transition of phase
voltages in advance to the hall sensor detection. In practice,
however, it is not simple to apply the time advance to the con-
trol of the phase voltages, because dt is highly dependent on
the rotation speed. For more convenient implementation of the
proposed method, a phase advance angle is calculated from dt.
Since the angular position of rotor can be easily estimated or
measured by various methods, it is not difficult to apply the
phase advance angle to a BLDC motor driver. The required
phase advance angle is related with dt by the electrical angular
speed, i.e.,

dθ = ωedt =
N∑

n=1

cn

n
tan−1

(
nLωe

R

)
(12)

where ωe is an electrical angular speed. When a BLDC motor
has only one set of three windings and one pair of magnet
poles, the electrical angular speed is the same as the mechanical
angular speed (i.e., ωe = ωm ). When a motor has multiple sets
of three windings, ωe = pωm , where p is the number of pole
pairs. Also, notice that the required phase advance angle in (12)
is not scaled by 1

ωe
unlike the time advance in (10), which makes

the implementation of the proposed PDC simple.
In [18], the required phase advance angle was calculated by

considering only the first frequency component of the phase
voltage of BLDC motors. In a brushless alternating current mo-
tor system, its phase voltage and back-EMF are sinusoidal [30],
and the single frequency assumption is reasonable. However,
the effective phase voltage of BLDC motors has a quasi-square
waveform and includes infinite frequency components. There-
fore, the proposed method, which considers more frequency
components compared to the conventional methods, may calcu-
late the required phase advance angle more accurately. Fig. 4
shows the phase delay calculated for a single frequency com-
ponent (i.e., the first harmonic frequency) and that obtained
by the proposed method. Notice that the magnitudes of phase

Fig. 5. A configuration of a BLDC motor system with the proposed PDC.

delays are different, which implies that the phase delay may be
over-compensated if the single frequency is considered only.

Although the proposed phase advance angle can be calculated
by (12), it includes the summation of a large number of compo-
nents, which is a burden for a microprocessor in a motor driver.
Recall that given N , R, and L, (12) is a function of ωe only, and,
thus, (12) can be simplified by a curve-fit; the proposed method
can be simplified by utilizing a function

dθa = k1 tan−1
(

Lωk2
e

R

)
(13)

where k1 and k2 are constant coefficients to be obtained by the
curve-fit. Notice that these parameters are determined according
to the electrical parameters of a BLDC motor (i.e., L and R) and
the number of frequency components. In practice, the authors
have empirically found that 50 is large enough for N . Fig. 4
shows the phase advance angles calculated by (12) and (13).
Notice that the curves match well, while (13) requires much
less computation load.

D. BLDC Inverter Circuit for PDC

In order to realize the proposed PDC algorithm, an inverter
circuit that enables switching the phase voltages according to
the PDC signal, as well as the hall sensor signals, is necessary.
Namely, a PDC inverter should be able to adjust the phase volt-
age transition instances according to the phase advance angle
in (12) or (13). Therefore, the overall BLDC system with the
proposed PDC requires the following three major components.

1) a BLDC motor with an incremental encoder and hall sen-
sors [see in Fig. 5(a)];

2) a microprocessor that calculates the required phase advance
angle, dθ or dθa , and applies a PDC interrupt signal to the
inverter circuit [see in Fig. 5(f)];

3) a PDC inverter that switches the U , V , and W phase volt-
ages according to the hall sensor signals and the PDC interrupt
signal [see in Fig. 5(d)].

Although the PDC inverter and the microprocessor are con-
figured separately in Fig. 5, it is possible to realize both of them
on one circuit board.

The phase transition in the phase voltage should be con-
trolled according to the PDC interrupt signal, as well as the
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Fig. 6. Phase transitions in the U , V , and W with and without the proposed
PDC; (a) shows the phase transition by the proposed PDC, and (b) shows phase
transition by the hall sensor signals.

hall sensor signals. In the conventional BLDC motor driver
systems, the phase voltages are determined such that U+ =
hB × hA , U− = hB × hA , V + = hC × hB , V − = hC × hB ,
W+ = hC × hA , and W− = hC × hA , where hA , hB , and hC

are the binary measurements of the hall sensors. In order to re-
alize the proposed PDC, one more control variable is necessary
such that the phase voltages can be controlled by the PDC.
For this purpose, the microprocessor generates a PDC interrupt
signal, P , which is a binary digital signal like the hall sensor
signals. The proposed inverter logic with the PDC interrupt is

U+ = P × hB × hA + P × hC × hB

U− = P × hB × hA + P × hC × hB

V + = P × hC × hB + P × hC × hA

V − = P × hC × hB + P × hC × hA

W + = P × hC × hA + P × hB × hA

W− = P × hC × hA + P × hB × hA . (14)

Notice that the phase voltages are controlled not only by the hall
sensor signals, but also by the PDC interrupt signal.

Fig. 6 shows an example of the hall sensor and PDC interrupt
signals, and the corresponding switching sequences. The num-
ber of pulses in each step is constant, Nm , which is determined

Fig. 7. Schematic digital logic circuit design for the proposed PDC driver.

by the poles of the motor. The number of pulses in Fig. 6(a) and
(b), i.e., Np , is calculated by (13). The PDC interrupt signals
are determined by Nm − Np , where the phase advance angle
can be detected in advance to the hall sensor signal by an angu-
lar position sensor, such as an incremental encoder. The PDC
interrupt signals are generated as shown in the figure, and the
phase voltage transitions are adjusted according to the PDC in-
terrupt signals following the inverter logic in (14). It should be
noted that the proposed inverter logic in (14) is identical with
the conventional inverter logics when the PDC interrupt signal
is off.

In order to generate appropriate PDC interrupt signals for
successful compensation of the phase delay of the electric phase
currents, the phase advance angle is applied based on the angular
position of the rotor, i.e.,

P =

{
0, for 1

3 (n − 1)π ≤ dθ̂e < 1
3 nπ − dθa

1, for 1
3 nπ − dθa ≤ dθ̂e < 1

3 nπ
(15)

for n = 1, 2, 3, ..., and dθ̂e is an incremental angle in terms of
electrical phase. Since the electrical angular speed and the me-
chanical rotor speed are related by ωe = pωm , where p is the
number of pole pairs, dθ̂e can be obtained by pdθ̂m , where dθ̂m

is the incremental rotor angle measured from the last phase
voltage transition instance. dθ̂m can be easily estimated by
dθ̂m = ωm (t − t0).

Fig. 7 shows a schematic circuit design for realizing the pro-
posed PDC inverter logic. The hall sensors of a BLDC motor
are connected to the circuit via a connector block (a). The hall
sensor signals and their inverted signals are applied to a quadra-
ture two-input multiplexer [see in Fig. 7(b)], which determines
the direction of the rotor rotation. A number of commercialized
chips are available for this purpose (e.g., see [31]). The outputs
of the multiplexer and the PDC interrupt signal [see in Fig. 7(c)]
are processed by a 4-line to 16-line demultiplexer (e.g., [32])
that generates twelve cases for selecting the phase voltages [see
in Fig. 7(d)]. Finally, the six phase voltage inputs (i.e., U+, U−,
V +, V −, W+, and W−) are determined by NAND logic gates
based on the twelve cases generated by the demultiplexer [see in
Fig. 7(e)]. The circuit design in Fig. 7 realizes the proposed in-
verter logic in (14). The outputs of the NAND gates are applied
as the gate control signals of power MOSFETs for switching the
phase voltages of a BLDC motor.
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Fig. 8. Simulation block diagram of the proposed PDC for an EC-4pole BLDC
motor.

TABLE I
SPECIFICATION OF A BLDC MOTOR USED IN EXPERIMENTS [28]

Specification Value [unit]

Nominal voltage 24 [V]
Nominal current 10.5 [A]
Nominal speed 15900 [r/min]
Nominal torque 135 [mN·m]
Terminal resistance 0.102 [Ω]
Terminal inductance 0.0163 [mH]
Max. efficiency 89 [%]

III. SIMULATION STUDY

A. Simulation Setup

The BLDC system driven by the proposed PDC was first
verified by simulation studies with a commercialized simulation
toolbox, as shown in Fig. 8. The simulation model consisted of
three parts: the equations of electric motions in (1), the equations
of mechanical motions in (2) and (3), and a load (i.e., disturbance
torque, τL ). The simulation parameters were the same as the
actual motor system listed in Table I.

In order to implement the proposed PDC, the phase advance
angle should be obtained as in (12) prior to obtaining the sim-
plified method in (13). For the selected motor, the electrical
parameters were obtained from the specification, as in Table I,
and N was set to a sufficiently large number (N = 100). After
obtaining the phase advance angle by (12), a curve-fit was ob-
tained with the basis function of (13). The obtained parameters
were k1 = 3.346 and k2 = 0.760, i.e.,

dθa = 3.346 tan−1 (
1.598 × 10−4ω0.760

e

)
. (16)

B. Phase Delay Compensation

Fig. 9 shows the simulation results of the proposed PDC with
the physical parameters of EC-4pole 200 W BLDC motor. The
results are compared with conventional methods. Fig. 9 shows
the simulated phase current in one of the three motor windings.
Notice that the time delay in the phase current, which was due
to the resistance and inductance of the motor winding, was
compensated by the proposed PDC. When the BLDC motor is
controlled by PDC, switching devices activate at the edge of

Fig. 9. Simulation results of the phase current at 16000 r/min.

the trapezoidal back-EMF, and the corresponding phase current
increases rapidly based on (1). In the same manner, the end of
the flat top of trapezoidal, switching devices deactivate and the
phase current decreases rapidly. Therefore, the magnitude of the
phase current was significantly increased where the back-EMF
is flat [e.g., see the dashed line in the figure]. This implies that
the electric power can be significantly improved, because the
electromagnetic power is defined by the multiplication of the
back-EMF and the phase current.

IV. EXPERIMENTAL VERIFICATIONS

In this section, the performance and effectiveness of the pro-
posed PDC are verified through experimental results.

A. Experimental Setup

The proposed PDC algorithm and the inverter circuit can be
applied to any BLDC motor, as long as it is equipped with an
incremental encoder. In this paper, an EC-4pole 200 W BLDC
motor was utilized for performance verification. The specifica-
tion of the selected motor is shown in Table I.

An experimental test-bed was set, as shown in Figs. 5 and
10. NI myRIO-1900, an FPGA board manufactured by Na-
tional Instrument Company, was utilized as a microprocessor
for calculating the phase advance angle in real-time. In order
to generate the PDC interrupt signal according to the phase ad-
vance angle calculated by (16), an incremental encoder installed
at the BLDC motor was utilized. The utilized encoder has the
resolution of 2000 pulses per revolution, and the selected motor
has four poles (i.e., two pairs of poles, p = 2), which implies
that 1000 pulses represent one electrical revolution. In addition,
each electrical revolution has six steps, as shown in Fig. 1, and
thus each step length is about 167 encoder pulses. The unit of
the calculated phase advance angle is radians in the electrical
revolution domain, which means that the PDC implemented
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Fig. 10. Experimental setup for verification of PDC using incremental en-
coder.

for the selected motor has the resolution of 2π/1, 000 =
6.28 × 10−3 rad.

A dynamometer, which measures the rotational speed, the
output torque, the electric power, and the operation efficiency,
was utilized as shown in Fig. 10. By the dynamometer, the
efficiency of the selected BLDC motor driven by the proposed
PDC algorithm and circuit could be accurately measured and
analyzed. In order to verify the efficiency of the BLDC system,
the rotor of the motor was imposed by a load controlled by the
dynamometer. The dynamometer was controlled such that the
phase current was increased from the unloaded current to the
maximum allowable current (i.e., 20 A).

B. Motor Efficiency and Power

The motor power efficiency, η, is calculated as η =
τeωm /V I × 100, where the supply voltage was V = 24 V in
the experiments. The maximum supply current was set to 20A
by a dc power supply.

Fig. 11 shows the efficiencies and torque of the BLDC motor
driven by the proposed inverter circuit shown in Fig. 7 with
and without the proposed PDC algorithm. For more objective
verification, a commercialized motor driver, ESCON 50/5 of
the Maxon Motor Company [33], was also tested. In the three
experimental settings, i.e.,

1) the proposed inverter with the PDC interrupt signal;
2) the same circuit without the PDC interrupt signal;
3) the ESCON 50/5 commercialized driver;

the other experimental conditions (e.g., the supply voltage, the
maximum current limit, the control input signal, the feedback
condition, etc.) were all identical except for the inverter settings.

The change of the motor power efficiency was observed while
changing the load by the dynamometer. Before measuring the
efficiency for each of the three experimental settings, the BLDC
motor was run without any load. Once the motor reached its

Fig. 11. Efficiency and torque of the BLDC motor according to angular speeds
with and without PDC.

maximum no-load speed, the dynamometer started measuring
the motor power efficiency with respect to the angular speed
by changing (i.e., increasing) the load. It should be first noted
that the maximum no-load speed was improved from 17,061
to 17,221 r/min by the PDC, which also implied the increased
output torque.

It is also noteworthy that without the PDC interrupt signal,
the proposed system in Fig. 7 and the commercialized driver
showed similar performance [see the square and circular mark-
ers in Fig. 11], which implies that the proposed inverter circuit
with the multiplexer and demultiplexer did not deteriorate the
motor operation performance. When the proposed PDC algo-
rithm was activated, the motor power efficiency was increased
significantly [see the triangular markers in the figure] in partic-
ular at high angular speeds. This was because the phase delay
in the induced phase current affected the motor efficiency more
significantly at the high angular speeds. When the angular speed
was low, the motor efficiencies for the three experimental set-
tings were similar. Notice that the motor efficiency of the motor
was increased from 69.4% to 83.1% at 17 000 r/min by the pro-
posed PDC algorithm, which was about 13.7% increase. Also,
the output torque was increased from 0.139 to 0.341 N·m at
17,000 r/min by the PDC. The experimental results in Fig. 11
showed that the proposed PDC method could increase the out-
put torque and improve the motor efficiency, as well as the
maximum angular speed.

C. Position Tracking Control

For the performance verification of the proposed PDC algo-
rithm and inverter circuit in a more practical setting, a position
tracking control system was set, as shown in Fig. 12. The overall
control system consisted the following four major components.



532 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Fig. 12. Block diagram for position-tracking control with the proposed PDC
driver.

1) the PDC algorithm that calculates the phase advance angle
[see in Fig. 13(a)];

2) the PDC inverter circuit that controls the phase voltages
according to the PDC interrupt signal and the hall sensor signals
[see in Fig. 13(b)];

3) a BLDC motor equipped with an incremental encoder and
hall sensors [see in Fig. 13(c)];

4) a position tracking controller [see in Fig. 13(d)].
In the experiments, the position tracking controller and the

PDC algorithm were implemented in the same microprocessor,
NI-myRIO 1900, with the sampling frequency of 1 kHz. The
PDC interrupt signal was generated at the FPGA level with the
sampling frequency of 40 MHz. In the figure, s represents the
Laplace operator, and p is the number of pole pairs. For the
EC-4pole 200W BLDC motor used in the experiments, p = 2.
The phase advance angle, dθ, was calculated by the simplified
function in (16). Also, C(s) is a simple proportional-integrative-
derivative (PID) controller

C(s) =
Kds

2 + Kps + Ki

s
(17)

where the controller gains were Kp = 2800, Ki = 40, and
Kd = 420. The reference trajectory was set to

r(t) = 160πsgn(sin(0.5πt)) (18)

which requires 160 revolutions within 2 s. The reference trajec-
tory was designed to observe a high speed rotation at its transient
response and a low speed rotation after the transient.

Fig. 13 shows the experimental result of the position tracking
control with and without the PDC algorithm. The other con-
ditions, including the inverter circuit and PID controller gains,
were all identical. The motor was controlled to alternate its
angular position between +80 and −80 revolutions, as in (18).

Both the experimental settings, i.e., the overall control loop
with and without the PDC algorithm, showed similar perfor-
mances, as shown in Fig. 13(a). In the zoomed-in graphs shown
in Fig. 13(b) and (c), however, the improvement of the motor
power efficiency is clearly shown. The phase advance angle re-
quired for compensating the phase delay in the phase current
was calculated in real-time, as shown in Fig. 13(a). Since the
phase advance angle was a function of the angular speed as in
(16), the calculated phase advance was proportionally related
to the angular speed of rotor, as shown in the figure. Notice
from Fig. 13(c) that the magnitude of the generated control in-
put was reduced when the phase delay was compensated by the

Fig. 13. The trajectory tracking performance with and without the PDC algo-
rithm ((a) the reference trajectory and position-tracking control with and without
PDC algorithm, (b) the calculated phase advance angle, dθa , by the PDC algo-
rithm, (c) the control input u with and without PDC, (d) the tracking errors with
and without the PDC algorithm).

proposed PDC algorithm. The second norm values of u(t)’s over
one period (i.e., from 0 to 2 s) showed that the control input was
reduced by 13.69% by the PDC algorithm. This was because
when the phase delay in the phase current was not compensated,
a larger actuation power was necessary due to the asynchronism
between the back-EMF and the phase current.

It is also noteworthy that although the generated control input
was reduced by the PDC algorithm, nevertheless the tracking
performance with the PDC algorithm was even improved, as
shown in the Fig. 13(c); the tracking error was reduced when
the PDC algorithm was activated.

For more objective comparison, a linear quadratic (LQ) per-
formance index, which consists of the quadratic terms of the
tracking error, e(t), and the control input, u(t), was utilized,
i.e.,

J =
∫ T

0
[e2(t) + ru2(t)]dt (19)

where r is a weight factor that balances the two terms, and
T is the experimental time span. The LQ performance index
evaluates both the tracking control performance and the energy



LEE AND KONG: FOURIER-SERIES-BASED PHASE DELAY COMPENSATION OF BRUSHLESS DC MOTOR SYSTEMS 533

efficiency at the same time. The LQ performance index of the
experimental result with the proposed PDC was remarkably
smaller than that without PDC; the value of J was reduced by
1.25% by the PDC algorithm during the entire experiment (i.e.,
from T = 0 to T = 10 in Fig. 13). This implies that a feedback
control system of a BLDC motor with the proposed PDC shows
better energy efficiency and tracking control performance.

V. CONCLUSION

In this paper, the efficiency reduction problem of BLDC mo-
tors was investigated in the viewpoint of electric phase delay in
motor windings due to their inductance and resistance, and the
PDC was proposed to address this problem. Also, quasi-square
waveform of phase current delay in BLDC motor is ambigu-
ous to determine quantitatively. In order to compensate for the
phase delay due to the inductance and resistance of BLDC motor
windings, a phase advance angle was determined based on the
Fourier series of the phase voltage waveform that sum of simple
sine waves. For implementation of the proposed algorithm in
real-time, a simplified method was also introduced, that is logic
circuit design for rapid operation. Also, a customized BLDC
inverter circuit was designed. Since the only control variable
for compensating the phase delay by the inverter circuit was
the triggering instance of the phase voltage, the inverter circuit
was designed such that it was able to switch the phase volt-
ages according to a PDC interrupt signal generated by the PDC
algorithm, as well as hall sensor signals of the motor.

The proposed PDC algorithm and the inverter circuit were
verified by simulations and experiments. In the experiments, a
dynamometer was utilized for objectively evaluating the motor
output power and efficiency of a BLDC motor with and with-
out the proposed PDC method. Since the PDC method compen-
sates the mismatch of delayed phase current and electromagnetic
force, the slope of phase current increases rapidly. As a result,
the output torque and the motor efficiency were improved in par-
ticular at high angular speeds. The maximum angular speed of
the motor could also be increased by the proposed method. The
improved efficiency was also observed in a feedback control
experiment; the proposed PDC improved the tracking control
performance with less control input.
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