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This work proposes a highly efficient sensorless motor
driver chip for various permanent-magnet synchronous
motors (PMSMs) in a wide power range. The motor
driver chip is composed of two important parts. The
digital part is a sensorless controller consisting mainly of
an angle estimation block and a speed control block. The
analog part consists of a gate driver, which is able to sense
the phase current of a motor. The sensorless algorithms
adapted in this paper include a sliding mode observer
(SMO) method that has high robust characteristics
regarding parameter variations of PMSMs. Fabricated
SMO chips detect back electromotive force signals.
Furthermore, motor current-sensing blocks are included
with a 10-bit successive approximation analog-to-digital
converter and various gain current amplifiers for proper
sensorless operations. Through a fabricated SMO chip, we
were able to demonstrate rated powers of 32 W, 200 W,
and 1,500 W.
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1. Introduction

Permanent-magnet synchronous motors (PMSMs) are
widely used in home appliances and industries; in particular,
the automotive industry. Various rated powers of PMSMs have
been implemented, such as 10 W to 100 W motors used in
the drying fans of washing machines [1], 100 W to 1,000 W
motors used in refrigerator compressors [2], and 1 kW to 5 kW
motors used in the inner/outer compressors of air conditioners,
not to mention in washing machine tubes, electric cars, and
other applications [3]-{4]. To operate PMSMs of different rated
power levels, a related system needs to be able to apply
different types of inverters and driver conditions [2], [5].

Several studies have been conducted using digital processor
devices, such as a digital signal processor (DSP) [6]-7] or a
field-programmable gate array (FPGA) [8}H11] to operate
various motors. An FPGA has been used to operate full digital
components and for high-speed processing but has a weak point
in that it cannot be fabricated using analog parts. A DSP has
many advantages in that it can conduct sophisticated and
elaborate arithmetic calculations but is a bulky device that cannot
be optimized in terms of size and cost.

In this work, an analog and digital mixed application-specific
integrated circuit for motor controllers (digital) and gate drivers is
implemented with a current sensing (analog) capability for
obtaining high-speed calculations, thereby reducing system costs.

In particular, control methods are adapted to sensorless
controls for high performance and low cost. Sensorless controls
can be divided into observer-based motor models [2]-4], and
high-frequency signal injection [8], [10]. To operate motors, a
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sliding mode observer (SMO) method is implemented owing
to the various rated motor powers with different motor model
parameters, such as phase resistance, inductance, and pole [6]-
[7]. In what follows, the target motor model and conventional
SMO method are described first, and the fabricated chip
technologies used for various motors are then discussed.

This paper demonstrates different motor modules, including
a fabricated IC chip, and evaluates the abilities of various
rated powers of PMSMs, from tens to thousands of watts.
Experimental results show the characteristics of speed control
and system efficiency of the proposed model, and compare its
capabilities with existing commercial modules.

II. Motor Model and SMO Method
1. Motor Model

Given PMSM currents i, and i, the actual dynamics of each
can be expressed as a stationary two-phase reference frame
in terms of the nominal values of phase resistance R; and
inductance L, as follows:

di,

LSE:Va_Rsia_ea’ (1)
diﬂ .
LSE:vﬂ_Rslﬁ_eﬂ’ (2)

where e, and e; are the electromotive forces (EMFs) induced
by the permanent magnet of a PMSM and are given by

e, =W, wsind, ep =Yowcoso, 3)

where v is the linkage flux induced by the magnets; @, and 6
are the electrical speed and position of the rotor, respectively; 8
is the angle between the first phase axis and the axis of the
magnet north pole.

2. SMO Method

The o, f model of a PMSM in a stationary reference frame is
characterized by

%:AiS +Bv +Kpv;, @)
where i = [i, i/g]Tindicates a stationary a, f§ current vector; v =
[v. vﬁ]T is a stationary a, S voltage vector; v; = [—wsiné
wcos O 1" is a back electromotive force (BEMF) vector; A =
(—RJLYL, B = (1/LyI; 1 is a 2 x 2 identity matrix; and Kg is an
EMF constant. The «,  estimated current model of a PMSM is
provided by

A

dig
dt

= Ais +Bv, + Gswsgn(is —-iy), ®)
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where is :[faf ﬁ]T is the estimated value of i, G, is the
sensorless observer switching gain, and sgn(i, —i;) =
[sgn(i, —i,) sgn(iz —iz)]". Here, Gyis determined through
a theoretical value from various speed-control experiments.

A sliding hyperplane, S, is designed using the state variables,
and in this case, the stator currents using the switching
functions are described as

S=i —i,=e,=0. (6)

The dynamic of the estimation error (e;) is obtained by
subtracting (4) from (5) as follows:

de

dt

= Aes _KEVi + Gswsgn(es) . (7)

To satisfy necessary conditions for sliding mode convergence,
Gy must be chosen to satisfy esesT <0 with a Lyapunov
function. Using equivalent control design methods, an
expression for the error equation is obtained as follows:

de
=e =0. 8
P @®)

Hence, the characteristics of the SMO on the sliding
hyperplane can be defined as

Z =G, sgn(e,) = Ky v,
Z, —wsind 9
Z = =Ky ,
Zyg wcosd
where Z is the switching signal regarding the o, f current
errors; Z contains the information of the estimated BEMF. The
conventional method using the signum function in (9) requires
the low-pass filter of switching signal Z to eliminate the high-
frequency signals of Z that cause signal delays and disturbances
[6]. The proposed method, on the other hand, can be achieved
without a low-pass filter using a linear function that the error of

the currents compensates linearly. The rotor position, 8, can
then be obtained from (9) as follows:

f=—tan"'(e, / ep). (10)

II1. Control Schemes of Fabricated PMSM Drivers

The PMSM module shown in Fig. 1 has inverters and a
motor driver chip. The inverters are implemented using power
MOSFETs (NXP BUK956R1-100E) with a two-level voltage
source inverter. The fabricated PMSM driver chip consists of
two parts — one is a sensorless PMSM controller block, and
the other is a gate driver block with a current sensing section
and 12C controller.
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Fig. 1. Architecture of BLDC power module.

1. Sensorless PMSM Controller

The sensorless PMSM controller has several functions,
including motor position estimation, phase compensation,
motor speed estimation, speed control, and pulse-width
modulation (PWM) signal generation.

A. Motor Positon Estimation

Three phase voltage signals are input to the motor; these are
PWM type signals. For sensing voltage signals from PWM
signals, low-pass filters are required. Because of the extra
components and signal delays, the sine signals in the sinusoidal
pulse-width modulation (SPWM) block and input voltage in
the inverters are implemented in the “Voltage Norm” block
shown in Fig. 1 [910]. This method is useful in terms of
integrated sensorless chips that generate no delay or signal
distortions. Three phase current signals to the motor are
detected from the gate driver sensing blocks. The signals from
the sensing blocks form serialized outputs, iy, iy, i, €ach of
which is converted into parallel signals, #,, i,, and i,
respectively, in series—parallel blocks. The three phase voltage
and three current signals are axis-converted from three phase
coordinate signals to two stationary coordinate signals, o and .

Lo
Vas Sliding-mode i /,+7¢ Lp| Linear | ¢, é
—> current estimator —a>®—a> 7'}& “»l  Arctan >
based on motor model
Gow
Fig. 2. SMO for angle estimation.
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These signals are put into an SMO block to generate an
uncompensated motor position, 9.

The two stationary coordinate signals, o and f, of the
voltages and currents are proposed in the SMO for the angle
calculation block, as shown in Fig. 2. The voltages are
calculated to estimate the currents through the previous motor
models. The real currents from the sensing currents are
compared to the estimated currents from the sliding-mode
current estimator. The generated current differences, i, and
z}, are used for generating the estimated BEMF signals,
¢, and ¢é,, respectively, in a linear function. The linear
function compensates the signal errors linearly in that a signum
function compensates the errors using a constant step size. The
slope value is 0.5. The outputs of the signum function have
high-frequency signal components; thus, a low-pass filter and
passive components are needed. Both the sigmoid and linear
functions are methods in which errors are compensated in
an error-proportional step [31-{4], [7]. In terms of fabricating
the chip, a linear function method is easy to implement
compared with a sigmoid function. The estimated BEMF
signals ¢, and ¢, are put into an Arctan block to calculate
the uncompensated motor position €' [12]. The initial
position in an Arctan block is set to the point at which the
estimated BEMF alpha signal é, changes from negative to
positive. The angle sensitivity is 0.5 degrees with a 10-bit
register, and the input signals of the phase currents and voltages
are controlled at 20 kHz (50 ps).

B. Phase Compensation

The estimated motor position from the angle calculation
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block is affected by the motor parameters, sensorless gain, and
model uncertainties. In this case, using an external I2C control
signal, the estimated angle is revised into a compensated motor
position 0 witha phase compensation. This compensation is
strongly related with the phase current control, as determined
experimentally [6].

C. Speed Estimation and Control

In the speed estimation block, the estimated angle and phase
compensation are implemented using a motor pole from the
12C control block. The sensitivity of the speed estimation is
designed using 1 rpm and an update frequency to calculate a
speed of 1 kHz (1 ms). Furthermore, the calculated speed may
have an offset speed; thus, the offset speed is controlled from
0 rpm to 7 rpm by the 12C control block.

The estimated speed is compared with a reference speed
from the 12C control block, and is controlled to minimize the
error between the reference and estimated speeds. The speed
control time is also 1 ms. If a reference speed is higher than
the estimated speed, then the value of control signal m,q (see
Fig. 1) is increased from the previous myg, and if the
reference speed is lower than the estimated speed, then 7y is
decreased from the previous mg,y. This method appears to be
a simple but powerful and effective way of fabricating an IC
chip.

D. PWM Signal Generation

In the PWM signal block, the compensated position signal
and control signal are implemented to generate three phase
PWM signals [11]. The frequency of the PWM is 20 kHz and
the reference signal frequency of the sawtooth wave is the
same. First, the compensated motor position 6 can be used
to generate three phase position signals, éo, 9120, and
5240, such that two of the three phase position signals have
a 120-degree phase difference. These signals are converted
into three phase sine signals, S,, S, and S, by sine look-up
tables, one of which is a 14-bit signed sinusoidal table and the
other is a 14-bit signed space vector sinusoidal table. These
two tables are selected by the I2C control block. The three
phase sine signals and control signal are operated to choose
three phase PWM signals pwm,, pwmy,, and pwm,.

2. Gate Diver with Current Sensing Circuits

A gate driver block includes two main blocks, one of which
is a high-side gate driver, and the other is a low-side gate driver.
An external power MOSFET utilizes an N-channel MOSFET;
thus, the high-side driver is implemented using a bootstrap
capacitor and diode, as shown in Fig. 3. In Fig. 3, HGATE is

ETRI Journal, Volume 37, Number 6, December 2015
http://dx.doi.org/10.4218/etrij.15.0115.0002

BSTD pqr
GVDD —p—
[
Level | | High—side_ESTC
shifter ice |
power device
. J -
Gate driver >
ouT
Level | | Low-side
shifter power device

Fig. 3. High-side gate drivers.

used to select one output between Vst and V. The voltage at
the point “BST” in Fig. 3 is made higher than OUT by using an
external bootstrap cap (BSTC). The voltage of GVDD is 5V,
and the bootstrap diode (BSTD) works as a current supplier to
increase the voltage of the BST. If a high-side level shifter is on,
then the output of HGATE is the voltage of BST used to turn
on the high-side power MOSFET. If the high side is off, then
the output is the voltage of the source such that the high-side
power MOSFET is off. A low-side power MOSFET uses
LGATE to select the output between the voltage of the GVDD
and GND; LGATE is operated using a low-side level shifter.

An additional gate driver function includes control of the
dead time between the high- and low-side PWMs. The dead
time is controlled by the I2C control block from 30 ns to 380 ns.
Over-temperature protection and an under-voltage lock-out
function are also included. Three phase voltages and currents to
the motor operation are needed to adapt the previous SMO
algorithms. As previously described, three phase voltages are
induced by three sine signals with an input voltage to the power
MOSFET.

On the other hand, three phase currents are detected directly
such that the currents are influenced by inner motor resistance
and inductance. There are many methods for detecting currents
— the use of current sensors [13]-[14], shunt resistors [2], and
current mirrors [15]. This paper suggests using a MOSFET for
sensing and a shunt resistor, as shown in Fig. 4(a). The
MOSFET and shunt resistor are set in parallel with a low-side
power MOSFET. This current sensing method can be a bi-
polar current sensing circuit. With a level-shifting circuit and an
internal amplifier, a phase current is detected using a digital
gain control. The on-resistance of a MOSFET is approximately
5 mQ and the shunt resistor is 1 kQ; the sensing voltage can be
determined by the on-resistance of the MOSFET. The output of
the internal amplifier is varied by the gain of the amplifier with
a range of 1 to 16, as shown in Fig. 4(b). A controlled output
based on the gain value is connected to a 10-bit analogue-to-
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Fig. 4. (a) Current sensing circuits, (b) variable gain control, (c)
10-bit SAR ADC, and (d) ADC control description.

digital converter (ADC) to convert the digital signals.
In Fig. 4(c), the input signals include a reference, a 10 mA
current source, an STN, and a CLK. The fabricated 10-bit
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Fig. 5. Photograph of motor driver chip.

ADC functions to track and hold an analog signal, and
successive approximation (SAR) logic signals are fed back to
a capacitive DAC. Figure 4(d) shows the ADC control
description. After a 13-bit clock signal, a digital output is
achieved. ADC operating signals such as STN and CLK are
provided from the fabricated chip. CLK is synchronized with
PWM signals, and its frequency is 1.6 MHz.

Figure 5 shows a photograph of the motor driver chip. The
driver chip is manufactured using a 0.18 um BCD process. The
operating frequency is 20 MHz and the chip size is 4.4 mm x
3 mm. The I/O (IOVDD) and core voltage (VDD) are 5 V and
1.8 V, respectively, and the gate driver voltage (GVDD) is 5 V.
A 64-pin QFN-type chip package is used.

IV. Experimental Results

1. Experimental Environment

Figure 6 shows the experimental setup using a 1,500 W
PMSM. The PMSM is connected with a hysteresis electric
load through a fabricated mechanical coupling. Each motor
is connected through a proper electric load. The PMSM power
module is composed of a motor driver and inverters. The
module is connected with an I2C controller PC, total phase
AARDVARK I2C/SPI to control the motor speed, phase
compensation, sensorless parameters, gain, and so on. The
monitoring PC for the test pins is also connected to 11-bit TP
pins. The DAC device is an analog ADC Analyzer™ Version
4.8.0. A high-voltage Armel 125 V/160 A DC supplier and
Agilent N6705B DC supplier are implemented to operate the
PMSM power module. The motor analyzer used for torque
detection is a Sugawara PC-EMA, and the power analyzer is a
Yokogawa WT1600. The gate signals and phase currents are
detected using a LeCroy WR610Zi oscilloscope. The operating
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Fig. 6. Experimental environment.

Table 1. Target PMSM specifications.

Motor names BL55B D0231 D1536
Manufacturers 1\(/[[2(?;:;1 TMtechi (Korea)

Rated output power (W) 32 200 1,500
Rated voltage (V) 24 24 48
Rated current (A) 2.3 11.7 332
Number of poles 10 4 4
Rated speed (rpm) 2,500 3,000 3,000

Rated torque (N'm) 0.12 0.66 478
Axis inductance (mH) 1.45 0.62" 0.20
Phase resistance () 0.90 029" 0.04
Tor‘(’;frf;’gtam 0.06 0.08 0.10
P, | Sopvay| st
Applications mul?i—ﬁmction transp01’1ation car’t cart, spindle,
printer etc. a pump etc.

1) Experimental data

current of the fabricated chip is 5 mA at 1.8 V (VDD), and
47 mA at 5 V IOVDD+GVDD), and is 23 mA with a chip
reset condition.

2. Target Motor Specifications

Rated powers of 32 W, 200 W, and 1,500 W for the PMSM
are prepared to evaluate the fabricated sensorless chip.
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Experiments include a speed control test and load adaptive tests.
Table 1 shows the target PMSM specifications.

3. Sensorless Operations

Steady-state sensorless operation signals are generated by
SMOs, and initial start-up behaviors are activated by forced
induced signals from standstill. The average start-up time for a
1,500 W PMSM is around 500 ms; however, conditions relating
to the start-up time were revised in the case of our target motors.
In Fig. 7, sensorless signals, including the estimated BEMF
alpha, fa, and estimated BEMF beta, i 5, are shown in the case
of'a 1,500 W PMSM operating at 1,000 rpm.

Figure 7(a) shows a stable sensorless operation, where the
alpha and beta BEMF signals are well estimated with an angle
of difference of ninety degrees. The same amplitude and period
of the two signals are also shown.

Figure 7(b) shows the results of the sensorless angle
(electrical degree) estimated using upper-estimated BEMF
signals. The angle has a signal period of 33.3 Hz (= 0.03 s),
which means that the mechanical speed of the target motor is
1,000 rpm (= 120/4 poles x 33.3 Hz) with a number of poles.

In this figure, to determine the accuracy of the estimated
angle, an angle with a linear approximation is compared with
the compensated motor position 6. The maximum error of
the two angles is 8.8°, and the standard deviation is 7.06°.
Figure 7(c) can be described through a histogram method of
the angle differences. A total of 301 sample points are used.
There are 115 samples within a 1° difference (38%), and 282
samples within a 5° difference (94%). The proposed sensorless
algorithm works properly.

4. Speed Control Tests

The manufactured chip is made for speed control of the
target motor operation. The reference speed of this chip can be
controlled using a 100 rpm unit with an I2C control block. This
chip enables sensorless operation from 300 rpm. Figure 8
shows the ability of the speed estimation and control using a
1,500 W PMSM. In this experiment, the reference speeds vary
from 300 rpm to 3,000 rpm.

In Fig. 8(a), motor input currents are shown with U, V, and
W phases in which the peak-to-peak of the phase current is
18 A and the root mean square (RMS) values of the phase
current can be confirmed to be from 5.1 A to 5.6 A. Figure 8(b)
describes three phase currents at 3,000 rpm. This work is also
tested using a 1.5 kW PMSM, and a peak-to-peak U phase
current is 125 A. The RMS values of the three phases are from
41.4 Ato 45.4 A. In these experiments, it can be considered that
a phase current does not have the same form and value as the
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Fig. 7. (a) Estimated BEMF, (b) sensor-less angle, and (c) angle
error distribution diagram for 1,500 W PMSM at
1,000 rpm.

others during motor operation.

5. Load-Adaptive Speed Control Tests

Load-adaptive tests are divided into three types — a fixed
load, which is suitable in the case of many fan applications,
such as those that are used in a refrigerator to maintain the
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Fig. 8. Speed control tests: (a) 300 rpm and (b) 3,000 rpm.

icebox temperature; a pulse load test, in which steep load
variations can be detected, such as in an automobile and the tub
in a washing machine; and a continuous load test, which is
capable of confirming the maximum point of efficiency.

A. Speed Control Tests with Fixed Load Variation

In the speed control tests of Section V-4, load was not
considered when calculating motor power. Motor power can be
considered properly once load conditions are included.
Figure 9 shows a fixed load test in which the load is 4.5 N'm,
which is near the maximum rated load for a 1,500 W PMSM.
Figure 9(a) shows a test at 300 rpm, and Fig. 9(b) shows a test
at 3,000 rpm.

To calculate the system efficiency, the input current Ipypp is
also considered using the average input current value. Under a
fixed load, when the reference speed is higher, the input current
of the system at a high speed is higher than one at a low speed.
This means that the input voltage is fixed at 48 V ina 1,500 W
PMSM, and an increasing input power is related to an
increasing input current for a proper operation. The fluctuation
of the input current in Fig. 9(b) implies that the input current is
affected by the motor rotation, and the power flow of the
system is considered with gate driver input signals. The phase
current is also detected at higher speed and load conditions. In
Figs. 8(a) and 9(a), we can observe that the two phase currents
do not share the same value owing to the different load
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Fig. 9. Fixed loads (4.5 N-'m) tests at (a) 300 rpm and (b)
3,000 rpm.

conditions. A PMSM under a fixed load condition operating at
the same speed as a PMSM without load will have the higher
phase current. On the other hand, as another result, at
3,000 rpm, the phase and input currents (125 A and 41.4 A,
respectively) in Fig. 8(b) are higher than those (100 A and
30.7 A, respectively) in Fig. 9(b). It may be possible that the
power factor is higher according to an increasing load; thus, the
phase and input current can be lower under a load condition.
For the motor operations, high phase currents under light load
conditions are not proper; thus, the operating conditions need to
be changed to reduce the currents.

Gate driver signals HGy and LGy are shown with a speed
variation under fixed load conditions. The frequency of both
gate driver signals is designed to be 20 kHz. The voltage of
high-side gate driver signal HGy is 52.3 V (48 + 5 — 0.7); thus,

ETRI Journal, Volume 37, Number 6, December 2015
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it works properly according to previous algorithms. The low-
side gate driver signal LGy is 5 V. While the speed increases,
the duty variation of the gate driver signals is increased. At
300 rpm and 4.5 N'm, the duties of the gate driver signals, Dy,
and Dy, are 50% (Ton/T, where Ton indicates “on time,” and T
is the time period) and not varied. On the other hand, at
3,000 rpm and 4.5 N'm, the variation of the gate driver signals
is high and the duties Dy, and Dy are detected as 0.96 and 0.04,
respectively. This implies that the duty variation increases with
a high power output.

B. Speed Control Tésts with Pulsed Load Variation

A washing machine has two operating modes — washing
and drying [4]. In washing mode, a tub motor is needed to
rotate at high torque and low speed. In drying mode, on the
other hand, it rotates at low torque and high speed. For this
application, tests on the load conditions are needed to
implement a steep load variation and pulse load conditions.

Figure 10 shows the speed variations from 1,000 rpm to
3,000 rpm with a pulse load of 2 N'-m. With pulse load
variations, the input and phase currents are varied without
an out-of-phase operation, maintaining the reference speed
conditions. These results imply that the load variation is
approximately 200 ms by controlling the on and off operation
of the loads, and the speed control step in manufactured chips
is 10 ms at 20 MHz; thus, the speed control and estimation
functions are properly operated with pulse-load variations.
While the reference speed varies by 1,000 rpm, 2,000 rpm, and
3,000 rpm without a load, the input currents are increased to
0.5 A, 6 A, and 10 A, and the peak-to-peak values of the phase
current are operated at 25 A, 30 A, and 45 A. On the other hand,
with pulse loads, the input currents are changed to 6 A, 16 A,
and 30 A, and the peak-to-peak values of the phase currents are
varied to 63 A, 100 A, and 145 A. These results imply that the
manufactured chip is proper to operate the load variations.

C. Speed Control with Continuous Load Variations

Continuous load variation tests are utilized to verify and
evaluate the target motor systems. A dynamo test is
implemented for evaluating the motor systems in that it can
detect the motor speed; input current and voltage; three phase
currents and voltages; several system efficiencies; and the
inverter and motor with continuous load variations. These test
results are considered using a commercial motor module
including the motor driver and inverter in Table 2, which can
be compared to the ETRI motor module.

Table 2 shows the commercial and ETRI motor module
specifications. The operating voltages and rated currents are
different with the target motors. All commercial motor modules
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Fig. 10. Pulse load tests: (a) 1,000 rpm, (b) 2,000 rpm, and (c) 3,000 rpm.

Table 2. Commercial and ETRI motor module specifications.

BL55A-MO1 | TMC-MDO02 | TMC-D07 .
Module [16] [17] [17] This work
Motorpower| 5, 200 1,500 32-1,500
W) > >
chftzrgzn(n\% 24 12-24 12-48 24-48
Rated current 35
@A) 2 10 (Max. 50) Max. 100
PWM Square wave | Square wave | Square wave Sinusoidal
method wave
Position Sensor Sensor Sensor Sensorless
detection (Hall) (Hall) (Hall) (SMO)
External clock| Volume Volume [I12C controlled
Speed control| frequency switch switch by 100 rpm
change change unit
Appearance -

are implemented using a square wave PWM method and hall-
effect sensors that need external position sensors. This work
employed various motor powers with one module, and
sensorless operation is possible with a more efficient speed
control compared to commercial modules.

Figure 11 shows the speed control abilities with continuous
load variations and speed variations in a 32 W PMSM. In a
commercial motor module, the reference speed input is
controlled with an external clock frequency that cannot be
easily regulated. This PMSM is up to 120 mN'm of the rated
load; thus, the maximum experimental load is 100 mN-m with
a step of 4 mN'm and a 2 s waiting time. The ETRI motor
module is varied with a step of 2 mN'm and the same waiting
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Fig. 11. Speed controls of 32 W PMSM under continuous load
variations.

time for sensorless operation. At the 1,440 rpm reference speed
of a commercial module, the speed is maintained near the
reference level. The maximum speed is 1,450 rpm and the
minimum speed is 1,430 rpm. The average speed is 1,442 rpm,
and the error between the average and reference speeds is
2 rpm (reference — average). The speed deviation is 1.39%
((maximum — minimum) / average % 100).

In the ETRI module, at a 1,350 rpm reference speed, the
experimental module with a fabricated chip is operated at a
maximum speed of 1,351 rpm, minimum speed of 1,346 rpm,
and average speed of 1,349 rpm, with a 1 rpm error and a
0.37% speed deviation. Between 1,000 rpm to 1,999 rpm, the
speed control is 3.76-times higher than in a commercial
module. The motor speed information for the 1,920 rpm and
2,850 rpm reference speeds in a 32 W motor is expressed in
Table 3. As shown in Table 3, near a reference speed of
2,000 rpm, the speed deviation in our module is 16-times
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higher, and near a reference speed of 3,000 rpm, the speed
deviation is 17-times higher. Sensorless operation and the
sinusoidal PWM method have several exertions to extract the
parameters for proper BEMF signals. Our module can be
implemented with sensorless parameter settings without an
out-of-phase operation. The operation results for 200 W and
1,500 W motors are also shown in Table 3.

In a 200 W motor, the speed deviation in the commercial
module is 0.50% at 1,000 rpm, 0.44% at 2,000 rpm, and 1.13%
at 3,000 rpm; thus, the speed is decreased from 280 mN'm. On
the other hand, the ETRI module is 5.64% at 1,000 rpm, 1.22%
at 2,000 rpm, and 0.25% at 3,000 rpm when operating from
0 mN'm to 546 mN'm. The two modules are properly operated
at reference speeds of 1,000 rpm and 2,000 rpm. However, our
module at 1,000 rpm and 2,000 rpm has 20 rpm and 46 rpm
higher errors from the reference speed, respectively. This
means that the estimated BEMF signals are not properly
detected and the sensorless gain and current gain needs to be
suitably set. Occasionally, a higher speed error occurs when a
parameter is not properly set. At 3,000 rpm, proper parameter
settings occur, and the speed deviation is 0.25%, whereas for a
commercial module, the deviation is 1.13%.

At 1,500 W, our module works suitably to operate the target

Table 3. Speed control characteristics.

M ReferenceMaximum|Minimum|Average| Speed | Speed
W) Module| speed speed speed | speed | ermor |deviation|
(pm) | (pm) | (pm) | (pm) | pm) | (%)
1440 | 1450 | 1430 | 1442 | 2 1.39
Com. | 1,920 | 1945 | 1,898 | 1922 | 2 245
“ 2850 | 2,895 | 2810 | 2861 | 11 | 297
1350 | 1351 | 1346 | 1349 | 1 037
ETRI | 2,000 | 2,001 | 1,998 | 1,999 | 1 0.15
30000 | 3,001 | 299 | 299 | 1 0.17
1,000 | 1,001 996 999 1 0.50
Com. | 2,000 | 1,996 | 1988 | 1,91 | 9 044
200 3,000 | 3,021 | 2,988 | 3,001 1 1.13
1,000 | 1,048 990 | 1,020 | 20 | 5.64
ETRI | 2,000 | 2055 | 2,030 | 2,046 | 46 | 122
3,000 | 3,002 | 2995 | 2999 | 1 025
1,000 | 1,060 | 1,050 | 1,055 | 55 | 095
Com. | 2,000 | 2093 | 2,073 | 2085 | 8 | 096
1500 3000 | 2,868 | 2,855 | 2,863 | 137 | 044
’ 1,000 | 1,011 988 999 2 230
ETRI | 2,000 | 2,016 | 1,980 | 1,998 | 2 1.80
3000 | 3,009 | 2995 | 2999 | 1 047

Load up to 1) 80 mN'm, 2) 280 mN'm, and 3) 546 mN'm.
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motor at a full maximum load. With a speed volume switch in
a commercial module, the speed errors are higher than those in
our module. A speed deviation in our module can be realized
with the same level as that of a commercial module.

Figure 12 shows the system efficiencies under various rated
powers. The system efficiency is defined as the ratio of input
power to motor output, which is a crucial factor in determining
the performance of a motor module. The system efficiency

90F 1
80F 1
70 7
g T
8
&
2 1
m
Com.1,440 --------Com.2,850 ————ETRI2,000| j
Com.1,920 ETRI1,000 ETRI3,000
30 40 50 60 70 80 90 100
Load (mN-m)
(a)
100 T T T T ;
90
80
S
Iy
8
&
=)
m
Com.1,000 -------- Com.3,000 ———- ETRI2,000
Com.2,000 ETRI1,000 ETRI3,000
00 100 200 300 400 500 600
Load (mN-m)
(b)
100 T T
90F 1
by
5 1
2
= 1
m
Com.1,000 -------- Com.3,000 ———- ETRI2,000 | ]
Com.2,000 ETRI1,000 ETRI3,000
100 200 300 400 500
Load (mN-m)

©
Fig. 12. System efficiencies of PMSM under continuous load

variations for (a) 32 W, (b) 200 W, and (c) 1,500 W.
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Table 4. System efficiency characteristics.

Reference | Torque at maximum | Maximum
M (W) |Module speed (pm) | efficiency (mN'm) | efficiency (%)
1,440 100 574
Com. 1,920 100 65.8
2,850 100 479
32
1,350 56 612
ETRI 2,000 68 66.3
3,000 56 66.3
1,000 250 63.6
Com. 2,000 340 733
3,000 420 76.5
200
1,000 160 68.6
ETRI 2,000 250 783
3,000 427 80.3
1,000 5,000 74.5
Com. 2,000 5,000 83.0
3,000 5,000 86.2
1,500
1,000 5,000 73.5
ETRI 2,000 5,000 83.8
3,000 5,000 88.1

depends on the resistance of the power MOSFET and the
switching frequency; the proper settings were applied before
the experiments. The maximum efficiency of the commercial
module at 32 W is achieved at 100 mN-m, with 57.4% at
1,440 rpm, 65.8% at 1,920 rpm, and 47.9% at 2,850 rpm. The
ETRI module, on the other hand, has different torque points at
various speeds, with 56 mN'm at 1,350 rpm, 68 mN'm at 2,000
rpm, and 56 mN-m at 3,000 rpm. The maximum efficiencies of
the ETRI module are higher than those of the commercial
module. At near 100 mN-m, the efficiencies are similar with
those of the commercial module. In a wide range of loads, the
ETRI module has a higher efficiency than the commercial
module, which means that when the output power is the same,
the input power is lower. Table 4 shows the system efficiencies
of other motors and modules. The results indicate that the
ETRI module enables proper sensorless operations with a high
system efficiency.

V. Conclusion

A PMSM driver IC chip including sensorless control
functions was fabricated using gate drivers employing phase-
current sensing technology. A motor module, including a
manufactured chip, and inverters were implemented to

1186 Jimin Oh et al.

evaluate several rated powers of a PMSM at 32 W, 200 W, and
1,500 W. The performances of a commercial module were
compared with those of an ETRI module in terms of speed
control and system efficiency. The speed control capabilities of
the ETRI module are better than those of the commercial
module. The system efficiency of our module is also better
than the commercial module under different torque points. A
fabricated chip without position sensors was shown to operate
well and can reduce the system components and costs.
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