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This paper presents an advanced sensorless permanent
magnet (PM) brushless motor controller integrated circuit
(IC) employing an automatic lead-angle compensator. The
proposed IC is composed of not only a sensorless sine-
wave motor controller but also an isolated gate-driver and
current self-sensing circuit. The fabricated IC operates in
sensorless mode using a position estimator based on a
sliding mode observer and an open-loop start-up. For high
efficiency PM brushless motor driving, an automatic lead-
angle control algorithm is employed, which improves the
efficiency of a PM brushless motor system by tracking
the minimum copper loss under various load and speed
conditions. The fabricated IC is evaluated experimentally
using a commercial 200 W PM brushless motor and
power switches. The proposed IC is successfully operated
without any additional sensors, and the proposed
algorithm maintains the minimum current and maximum
system efficiency under 0 N-m to 0.8 N-m load conditions.
The proposed IC is a feasible sensorless speed controller
for various applications with a wide range of load and
speed conditions.
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1. Introduction

With increasing attention being given to global warming and
energy conservation, the energy saving of electrical systems is
becoming increasingly required in various types of electronic
equipment and systems [1]H2]. A permanent magnet (PM)
brushless motor system has received considerable attention in
industries and consumer appliances owing to its high efficiency,
high power density, and wide range of suitable applications
[1H2]

To develop high-performance motor driving systems, motor
control algorithms and related devices have been studied for
several decades by various research groups [2]H5]. For future
advanced devices, motor controllers need to be optimized for
application targets through a simple and cost-effective design.
There are several design methods for building a motor controller,
such as a high-performance general-purpose processor and
FPGA; however, in terms of performance and cost, it is
necessary to design the right kind of integrated circuit (IC) [6].
In an effort to design a sensorless motor controller, a number of
attempts using various motor control algorithms have been
reported [7]-{15]. A square-wave motor driving algorithm is
useful for the design of an application-specific integrated circuit
(ASIC) technique because it has the advantages of a simple
algorithm and easy circuit design for sensorless control [7]-{8].
A vector-based control algorithm is the most popular type of
motor control method owing to its high performance, but it is
difficult to design for an ASIC owing to its complexity [9-11].
The open-loop based V/f control method can be applied
without a rotor position signal; however, it is unsuitable for
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high efficiency driving under a wide range of load and speed
conditions [12]-{13]. The six-step-based sine-wave control
method has a simple circuit design and good performance, and
controls the motor as a sinusoidal current without a complex d-
q axis transformation; however, its sensorless algorithm needs
to be improved [14}-{15].

For high efficiency motor driving, the maximum torque
per ampere (MTPA) using a current control method has been
utilized in high-performance vector control systems. The
MTPA method controls the mismatched component in the d-q
reference frame analysis of a three-phase current, which can
improve the motor driving efficiency [16]-{17]. The lead-angle
compensation of the hall sensor signal-based 120/180 degree
drive improves the driving efficiency for special load/speed
conditions, but it is necessary to improve the accuracy and
performance up to the level of the MTPA algorithm [17]-19].

The purpose of our work is to propose an advanced
sensorless sine-wave controller with a simple design and
efficient performance. The proposed IC is composed of not
only a sensorless sine-wave motor controller but also an
isolated gate-driver and current self-sensing circuit. For
efficient driving in sensorless mode, the proposed IC is
successfully confirmed within a wide range of load operations
by suppressing the driving loss. Using the fabricated motor-
driving ICs, the automatic lead-angle compensation is
evaluated experimentally in a 200 W PM brushless motor
system. The automatic lead-angle compensator reduces the
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amplitude of the three-phase current by controlling the phase
difference of the phase current and back electromagnetic force
(back-EMF). The proposed method maintains the minimum
phase root mean square (RMS) current, and keeps the
maximum efficiency under 2,500 rpm and 0 N'm to 0.8 N'm
load conditions.

II. Motor Drive System Architecture
1. System Structure of PM Brushless Motor Operation

Figure 1 shows a block diagram of a PM brushless motor
system. The motor system can be divided into three parts —
PM brushless motor, three-phase voltage-source inverter (VSI),
and sensorless sine-wave controller.

The PM brushless motor has a surface-mounted PM rotor
and internal parameters such as stator resistance and inductance.
The three-phase VSI is composed of six power MOSFETs
with a sense-FET, which supplies power to the motor. The
sensorless sine-wave controller is composed of various control
blocks, such as a pulse-width modulation (PWM) generator,
speed control, gate driver, open-loop start-up, position detector,
and automatic lead-angle compensation. The speed control
block determines the duty factor (DF) of the PWM signal
by comparing the current and reference speeds. The PWM
generator produces a gate control signal through the
modulation of sine- and saw-waves. The gate driver gives the
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Fig. 1. Block diagram of proposed PM brushless motor system.
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proper driving signals from the PWM to the high/low side #-
channel power MOSFETs in a three-phase VSI. The sensorless
driving parts are designed to operate the motor without any
additional sensors, such as a position or current sensor, and the
position and current detections can be achieved completely
using circuit techniques. An open-loop start-up algorithm
assists in accelerating the motor from a standstill. To drive the
motor without a position sensor, back-EMF is estimated using
electrical information, such as the current and voltage. To
detect the phase current, the sensing signal of the sense-FET is
converted into a 10-bit current signal. A computational block,
such as the Clark transform or Arctangent, helps the controller
analyze the motor driving states.

2. Isolated Three-Phase Gate Driver

The three-phase gate driver is designed so as to operate a
high/low side MOSFET. A circuit diagram of the U-phase gate
driver is shown in Fig. 2. The gate driver receives a driving
signal from the PWM generator and transforms it into a proper
signal considering the states of the power devices. The gate
driver of the proposed IC is designed for power devices having
a gate drive of less than 5 V. A high-side gate operating signal
should be generated from the floating node between the high-
and low-side devices; therefore, it is necessary to use isolated
devices. The isolation island of the proposed IC is considered
to have a blocking voltage of approximately 100 V from the
main substrate. The pulse generator makes two pulse signals at
the edge of the PWM signal, which shifts the voltage level. The
voltage level shifter transfers the signals to the latch and non-
inverting buffer, which operate among the isolation area. The
power source of the final gate signal is from the bootstrap
capacitor and diode. In addition, a low-side gate operating
signal is generated through a high/low delay matching circuit to
avoid a conflict between signals.

3. Current Self-Sensing Method

The three-phase VSI is composed of six power devices, and
each phase has high- and low-side power switches. The
proposed IC is able to detect a full sine-wave current using
only a low-side sensing circuit, as shown in Fig. 2, because the
power switches are a bidirectional-MOSFET. Although the
sense-FET shares the gate and drain with the main-FET, the
size of the sense-FET is designed to be relatively smaller than
that of the main-FET; therefore, the phase current is divided by
the size constant (= o), whereby « is the size ratio between the
main-FET and sense-FET.

When the U-phase of the low-side switch is on, the
equivalent circuit of the main-FET and sense-FET is as shown
in Fig. 3. Here, I, Rps, and a are the flowing phase current, the
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Fig. 2. Circuit diagram of U-phase gate driver.
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Fig. 3. Equivalent circuit of current-sensing devices when switches
are on.

resistance of the main-FET, and the design ratio of the main-
FET and sense-FET, respectively. The sensing voltage (¥sgnsg),
which means the current of the U-phase, is analyzed through
the following equation:
Rpsly
Rps +(@Rps + Rsensk )
Rpsly
Rps +(aRps + Rsnsk )
__Fosly @
R n
ps(@+1) +1

RSENSE

M

Ispnse =

Vsense = Rgense

Based on (2), Vspnse is calculated based on the sensing
resistance (Rsensg) and can be summarized in the following
three cases:

Case 1. Rgpngg =0

= Vsense =0,

Case 2. Rypngg =%, (Rgpnse >> o, Rpg)

= Vsense = Rpsly> )
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According to “Case 2” of (3), Vsensg 1S approximately
determined based on the relation of the on-resistance (Rps) and
phase current (/) under a high Rggnsg value, and is converted
into data on /yy using a sample-and-hold, analog amplifier, and
analog-to-digital converter.

4. Position Detecting Method

To drive the motor without a position sensor, it is necessary
to estimate the back-EMF by using electrical information, such
as the current and voltage. We designed the position detector
by employing a sliding mode observer algorithm [16]. Figure 4
shows a block diagram of the sliding mode observer. The
major three-phase variables are analyzed on an a-f stationary
frame through a Clark transformation. This is the control
method used to extract the position information of the rotor by
tracking the error between the real (i,,iz) and estimated
(iy.ig) currents. The sliding mode observer is suitable for a
sine-wave control system because it can analyze within an a-f3
stationary reference frame and simple equivalent-EMF model.
The analysis of the sliding mode observer has a mathematical
proof, which we can describe briefly through the following
equations [10], [17].

The PM brushless motor model in the stationary reference

frame is

lﬂ Ls vﬁ Ls lﬁ Ls eﬂ
where the symbol - ” means the derivative of time, and i, ig,
Vus Vi, €4 €5, R, and L are the phase current, phase voltage, and
back-EMF in the stationary axis, and the motor stator
resistance (Q2) and inductance (H), respectively. The current

observer model in the stationary reference frame is
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where the symbol “~” indicates the estimated value, & is the
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Fig. 4. Block diagram of sliding mode observer.
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constant gain, and H is the function of a closed loop. If the
estimated value of the current is similar in value to the real
current, then the back-EMF can be found through the following
equations. The sliding mode surface can be defined as

50 =[5 551" ©

where s, =1, —i; and sz =i, —z‘;. A Lyapunov function
can help in finding the existence of the sliding mode.
1 1
V:Esgsn :E(s§+sé). @)
From the Lypunov stability theorem [10], [17], the sliding-
mode condition can be induced to satisfy the condition in
which ¥ <0 for V> 0. As a result, the sliding mode occurs
under the conditions & > (|ea|, |eﬂ|), and we can find the
back-EMF signal as

kH(;a —ia)zea, ®)

kH(i/; —iﬂ);eﬂ. ©)
In addition, we can deduce the rotor position more exactly
using the arctangent function,

0, =tan"'(e; /e,). (10)

5. Open-Loop Start-Up Method

For the sensorless driving of the PM brushless motor, the start-
up algorithm assists in detecting the condition of the back-EMF
signal. Because the back-EMF can take place under a varying
magnetic flux, the magnetic rotor should be rotated using a start-
up sequence before obtaining the back-EMF signal. The
proposed driver includes a V/f-based open-loop start-up, which
forces the three-phase voltage signal to be applied according to
the operating frequency. The open-loop start-up has a three-step
sequence. To proceed with the start-up sequence, variables such
as the position/DF are calculated at each step. Figure 5 shows the
driving statement during start-up sequence.

Figure 5 shows the driving statement during start-up
sequence. The unpredictable position at a standstill motor
aligns to that of a designated position during the first step (step
1). This step maintains a constant value for the DF and zero
acceleration and speed.

Ost = Opigiar (rad), an

(12)
where 6., and DF,imum are the initial position for alignment
and the minimum value of the DF, respectively.

In the second step (step 2), the motor is accelerated to a
reference speed from a standstill using the calculated open-loop

DF = DEF,

minimum

(%),
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Fig. 5. Driving statement during start-up sequence.

position signal and DF. The driving algorithm in step 2 is based
on the following equations:

Oret

g = (rad /%), (13)
step-2
st (I’l) = gt (I’l - 1) + astart—up x Atclk (rad / S) > (14)
O (n) = sy (n—1)+a)ST (n)x Aty (rad), 15)
DF=—1% 0 (%), (16)
a)max—speed

where 7 is the calculated sequence based on the clock, and
Asartupy Orets Opy Opy Alg, and Atye,» are the acceleration,
reference speed, speed of n, position of #, time duration of the
calculating clock, and time duration of step 2, respectively. The
DF is calculated based on the constant V/f ratio, which controls
the voltage amplitude using a sinusoidal PWM modulator
based on the frequency of the motor speed.

In the third step (step 3), the open-loop position signal is
changed to a real position signal from the sliding mode
observer and speed control, and the automatic lead-angle
algorithm starts to operate.

III. Automatic Lead-Angle Compensation
1. Lead-Angle Definition

The lead-angle (4.,) can be defined as the value of the
advanced angle relative to the rotor position. In a sensorless
driving state, the motor is controlled by the phase of the back-
EMF (@, as the rotor position signal. Figure 6 shows the
meaning of the lead-angle by displaying the relationships of the
applied voltage and back-EFM waves on the a-f stationary
reference coordinate, where e, v,, €., and & 4 are the vectors of
the back-EMF and applied voltage, and phases of the back-
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EMF and lead-angle, respectively.
The phase of the applied voltage (6,) is changed by the lead-
angle (& ), which can be expressed as

0,=0,+6,,. (17)

The lead-angle (&4 ) affects the motor driving conditions
because a variation in lead-angle (4 o) changes the state of the
voltage (v;), which influences the state of the current (i)
through the relationships with the back-EMF (e) and
impedance (z), as in the following equation:

ZSZ(VS —es)/zs,

(18)

where Z is the stator impedance with resistance (Rs) and

inductance (Ls) of the motor, which can be defined as the
amplitude (|z|) and phase (6,) based on phasor diagrams and
electrical theory. From the complex domain of the phase theory,
the real value of the impedance is matched on the a-axis, and
the imaginary value of the impedance is matched on the
reverse f-axis. To be specific, the phase of current (€) is
calculated based on the relationship between the vector
difference of the voltage (v5) and back-EMF (e;) and the phase
of the impedance (8,), as shown in Figure 7.

If the operating velocity and applied load are stable, then the
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applied voltage (v,) is the only control variable in the VSL
Concretely, for the amplitude (Jvy]) and phase (&) of the applied
voltage, both parameters determine the state of the phase
current (i5). The applied voltage can be generated through the
VSI by the PWM signal, and the effective amplitude (Jvy]) is
defined by the PWM DF. The phase of the applied voltage (&)
is controllable based on the rotor position estimation (€,) and
lead-angle (4 4), as illustrated in (17).

2. High Efficiency Operating Method

The efficiency of the motor driving can be calculated by the
output power and loss. Generally, motor losses are divided into
copper loss and iron loss. The iron loss is based on motor
structure and fabrication as follows:

P

iron-loss

= I<ef‘23m2 +Kh.me2 >

where, K. is the eddy-current loss coefficient, K; is the

hysteresis loss coefficient, f'is switching frequency, and By, is

the maximum magnetic flux density. The variables K. and K},

are decided by the loss curve of the magnetic core in a motor.
The copper loss is defined as follows:

P =3/ R,

copper—loss

(19)

where 1, is the RMS value of the phase current and R is the
stator resistance. Because the copper loss can be increased
according to the high current driving, it is necessary to reduce
the phase current during motor driving,

To analyze the mechanical output of the motor, the torque
can be expressed as

T, =(e,i, +eyiy + e )/ W, (20)

where T is electric torque, e, is the back-EMF, and w is
angular velocity. The amount of torque induced is directly
calculated by the correlation of the back-EMF and phase
current, as in (20). To reach a reference speed during the
acceleration period, a torque higher than the shaft load should
be induced, and after a steady-state period, the torque should be
made similar to the shaft load. When copper loss is considered,
an efficient motor control is used to induce a large torque
through a small current. From (20) above, the phase of the
back-EMF (&, and the phase current (&) should be matched

equally to induce the optimal torque for the most efficient drive.

Therefore, the phase difference of the back-EMF (6, and
phase current (&) have to be controlled to zero by adjusting the
lead-angle (4 4) of the applied voltage.

3. Automatic Lead-Angle Compensation Algorithm

We proposed and designed a method of automatic lead-angle

1170  Minki Kim et al.

( Start ]

6

Yes |«

Input : 6., 6;

0.>6; 2

0L ——0Oia

Output : 6 o

No
Disable ?

i

Yes
[ END ]

Fig. 8. Algorithm flowchart of automatic lead-angle method.

2

iy :
- i
ilO—blt Divider 1 1(;5:)?}3“%:2:6
AN 10-bit i
10-bit l
10-bit 1 6;
Lead or lag Lead-angle adder Oia
[2 Comparator>————t Lead : Opo(n)= Oia(r-1) ~ Ogain >
A 1-bit Lag : Opa(n)= Opa(n-1) + Ogin | 10-bit
10-bit

Fig. 9. Digital circuit diagram of automatic lead-angle compensator.

compensation for high-efficiency motor driving under a wide
range of torque-speed conditions. The automatic lead-angle
compensation controls the phase of applied voltage so that the
phase of the current is intentionally adjusted.

To achieve efficient torque-speed characteristics, the phase
of the phase voltage (&,) should be automatically shifted by
controlling the lead angle, which reduces the phase difference
between the back-EMF and phase current. Figure 8 shows a
flow chart of the automatic lead-angle compensation algorithm.
Using the algorithm of Fig. 8, the lead angle is continuously
calculated by comparing the phase difference between the
back-EMF and current.

The automatic lead-angle compensator was designed with
digital circuits using the block diagram shown in Fig. 9. To
calculate the phase of the current, an arctangent block
composed of a divider and look-up table was designed. The
phase of the back-EMF is the output of the sliding mode

ETRI Journal, Volume 37, Number 6, December 2015
http://dx.doi.org/10.4218/etrij.15.0115.0329



Speed (rpm) - Speedeurent; Speedrerrence

4K [« P»i-Speed trol A F P R =
Start-uD (4 cad \‘.\;vuu\u ‘Automatic 1ead-angie-compensation
3K} 2% \g—LEnable .gnabie _
2K | period Speed =3,000 rpm
- - /Qpppd =2,000 rpm
OR b+ SPeCdreioenee = 1000 rpm
-1K

3-phase current (A) - iay b, Ic
20

zpmk 104A\>zcak 86A

A

10

B

B mwumww %ﬂmwmu e ! m'l Bo4 toaitbres Muwm'l R mmu

Lead-angles (degree) - 0; o

=
0 ¥ = 2.5°3

2 3 4

Time (s)

Fig. 10. Simulation results of proposed motor driving system.

observer, and the lead-lag statement between the back-EMF
and current is distinguished by the comparator. The output data
of the lead-angle are calculated by adding/subtracting the
constant values, which can be used to track the optimum
condition of the motor driving environment.

IV. Simulation Results

Sensorless sine-wave control of a PM brushless motor
system was verified through a PSIM simulator, version 9.0.
The simulation conditions of the motor system were
established, as shown in Table 1, and are similar to the real
motor used in the experiment. The PSIM library conveniently
provided the PMSM motor, power MOSFET, and gate driver.
The motor control algorithms, including the automatic lead-
angle compensator, start-up, and sliding mode observer, were
designed using a C-language-based implementation.

Figure 10 shows the simulation results of the motor system
operation from start-up to the reaching of a reference speed,
including the results of the motor speed; current; phase
difference of the back-EMF and current; and lead-angle when
the motor speed increased from 1,000 rpm to 3,000 rpm. An
automatic lead-angle compensator was successfully achieved
by reducing the phase difference of the back-EMF (€.) and the
phase current (€) under the given speed control conditions.

The conventional method with fixed lead-angles and the
proposed method with automatic lead-angle compensation
were compared through PSIM simulations. Figure 11 shows
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Table 1. Simulation conditions of motor control system.

Conditions Values
Rated power SPMSM 200 W
Poles 4 poles
Resistance 0.09Q2
Inductance 270 uH
Back-EMF constant 4.58 Vpp/krpm
Demonstration tool PSIM 9.0

the amplitude of the phase current according to the lead-angle
values under various motor speed/load conditions. The
automatic lead-angle compensator changes the lead-angle
automatically depending on the motor speed, and each value is
coincident to the optimum point of the conventional fixed lead-
angle values under 100 mN-m, 300 mN-m, 500 mN-m and
1,000 rpm, 2,000 rpm, 3,000 rpm conditions, as shown Fig. 11.

V. Experimental Results

1. Fabrication of Motor Controller

To evaluate the proposed motor driving algorithm, sensorless
sine-wave controller ICs were fabricated through a DBH
0.18 ym BCDMOS process. As shown in Fig. 12, the ICs
occupy a die area of 4.3 mm x 3.0 mm and consist of

Minki Kimetal. 1171



digital/analog mixed circuits. The digital part of a fabricated IC
includes an automatic lead-angle compensator, sliding mode
observer, speed controller, PWM modulator, and start-up
algorithm. They were designed as having 51,351 gates using

40_ —*—100 mN'm
154 —*—300 mN'm
| —4A— 500 mN'm
— % Auto lead-angle compensation
< 304 Rate power =200 W,
3 ) A\ speed = 2,000 rpm
2 25
% J
s 204
-
3 154
o
9 .
£ 10
= 4
5_
O4——F—T T 7T T T T T T T T T
-2 0 2 4 6 8 10 12 14 16 18 20 22
Lead-angles (degree)
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357
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3 —=—2.000 rpm
301 —A—3,000 rpm
% Auto lead-angle compensation
251 Rate power =200 W,
load =300 mN'm
20

Phase current amplitude (A)

Lead-angles (degree)
(b)

Fig. 11. Amplitude of phase current according to lead-angle
under (a) various speed and (b) load conditions.

Fig. 12. Die microphotograph of fabricated motor control IC.
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Table 2. Experimental conditions of motor control system.

Conditions Values
Motor rate power 200 W

Motor poles 4 poles
Motor resistance 0.09Q
Motor inductance 270 pH

Back-EMF constant 4.58 Vpp/krpm
DC-Link 24V
Power devices 100V MOSFET
NXP Semiconductor

Motor controller Proposed IC (ETRI MA1608)

the DBH 1.8 V standard library. The analog part of a fabricated
IC includes a gate driver, amplifiers for the current sensing, and
a 10-bit SAR type analog-to-digital converter, which were
designed based on the DBH 1.8/5 V standard library. The ICs
are operated at 20 MHz and the operating commands are
delivered using an PC serial interface from a personal
computer.

2. Motor Controller Test and Performance

To verify the fabricated motor control IC, the experimental
environment was built as shown in Table 2 and Fig. 13. The
sensorless sine-wave controller was completely operated under
200 W of rated power and speed control conditions. The VSI
consists of a commercial 100 V power MOSFET with a sense-
FET. The mechanical motor consists of a commercial 200 W
permanent magnetic brushless motor with electrical loads. A
motor system efficiency measurement, which is the so-called
NTI test, was conducted using the dynamometer at the Korea
Electronics Technology Institute in the Republic of Korea.

To investigate the effect of an automatic lead-angle
compensator, the system efficiency and phase current were
measured under a wide range of load conditions.

Conventional control methods with six to ten degrees of
fixed lead-angles and automatic lead-angle compensation were
measured using the dynamometer at under 2,500 rpm and

- Power devic
t heat-sink

d -
,r

Fig. 13. Experimental configuration of motor driving system.
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Fig. 14. System efficiency of lead-angle (& ») condition under (a)
2,500 rpm and (b) 0 N'm to 0.8 N-m load.

0 N'm to 0.8 N'm load conditions. The dynamometer
measured the electrical and mechanical characteristics, and
therefore the efficiency of the motor system was obtained as
follows.

The system efficiency can be defined through the following
equations:

Fyc =Vpe xIpc (W), 21
Ruoror =T X Wy (W), (22)
Nsystem = {MOTOR / By (%), (23)

where Ppc is the electrical input power, Pyioror 1S the motor
output pOwer, 7ssem 1S the system efficiency, Vpc is the DC-
Link voltage, Ipc is the input average current, 7;, is the motor
torque, and wy, is the motor speed.

Figure 14 shows the motor efficiency found in the
experimental results. The automatic lead-angle method closely
tracked the maximum value of various fixed lead-angle
conditions. The proposed system maintained an 80% motor
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Fig. 15. Phase RMS current of lead-angle (4 o) conditions under
2,500 rpm and 0 N-'m to 0.8 N'm load.

efficiency under load conditions of 0.2 N'm to 0.8 N'm and
speed conditions of 500 rpm to 2,500 rpm.

The phase RMS currents of the experiment drives were
measured as shown in Figure 15. The automatic lead-angle
method maintained the minimum phase RMS current, while
the conventional methods had a relatively high current under
both low and high load conditions. This means that the copper
loss can be minimally maintained using an automatic lead-
angle compensation, as shown in (19).

VI. Conclusion

We proposed and demonstrated a sensorless sine-wave
controller for a PM brushless motor employing an automatic
lead-angle compensator. For driving the sensorless sine-wave
motor, we proposed a controller IC including an open-loop
start-up and position detector with a sliding mode observer.
The proposed controller was applied to a 200 W PM brushless
motor system and was demonstrated through motor dynamo
measurements. The automatic lead-angle compensation
method maintained the minimum phase RMS current and 80%
motor efficiency under load conditions of 0 N'm to 0.8 N-m.
The proposed PM brushless motor driving method is suitable
for manufacturing a motor control SoC for various applications
within a wide range of load and speed conditions.
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