Integrated Sliding-Mode Sensorless Driver
with Pre-driver and Current Sensing Circuit for
Accurate Speed Control of PMSM
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This paper proposes a fully sensorless driver for a
permanent magnet synchronous motor (PMSM)
integrated with a digital motor controller and an analog
pre-driver, including sensing circuits and estimators. In
the motor controller, a position estimator estimates the
back electromotive force and rotor position using a
sliding-mode observer. In the pre-driver, drivers for the
power devices are designed with a level shifter and
isolation technique. In addition, a current sensing circuit
measures a three-phase current. All of these circuits are
integrated in a single chip such that the driver achieves
control of the speed with high accuracy. Using an IC
fabricated using a 0.18 pm BCDMOS process, the
performance was verified experimentally. The driver
showed stable operation in spite of the variation in speed
and load, a similar efficiency near 1% compared to a
commercial driver, a low speed error of about 0.1%, and
therefore good performance for the PMSM drive.
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1. Introduction

Motors of different types have been used in many industry
applications and home appliances. There are dc and ac motors,
and ac motors are divided into induction and synchronous
motors. The induction motor is most commonly used in
industry because it is durable and does not require controls,
despite its low efficiency. The brushless direct current (BLDC)
motor and permanent magnet synchronous motor (PMSM),
representatives of synchronous motors, require a complex
control for synchronization to the rotor position. However, they
have a high efficiency and can operate at a constant speed
regardless of the load.

A synchronous motor uses a position sensor to detect the
exact rotor position. The encoder or resolver is accurate but has
a large volume, and the hall sensor should be embedded in the
motor. Thus, many researches on motor control without a
position sensor have been conducted [1]-[2]. The position
sensorless control of a BLDC motor is based on the detection
of the back electromotive force (back-EMF) generated by the
motor rotation [3]{4]. In this case, the back-EMF can be
measured from a floating phase during the trapezoidal drive for
the BLDC motor. Meanwhile, for sensorless control of the
PMSM, the back-EMF should be estimated through certain
techniques, because it cannot be measured owing to the
sinusoidal drive with no floating phase.

A sliding-mode observer (SMO) is commonly used for
the back-EMF estimation of a PMSM [5]-8]. This technique
estimates the current corresponding to the voltage based on an
equivalent motor model, and then estimates the back-EMF
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from the error between the estimated current and the actual
current. The error decreases by applying the back-EMF to the
model; thus, the estimated current tracks the actual current in
sliding mode. There are three switching functions for the
sliding mode. The signum function is simple but causes
chattering and delay from a low-pass filter [8]. The saturation
function [6] and the sigmoid function [5] are used instead to
avoid the chattering problem.

For an accurate estimation of the back-EMF, an accurate
measurement, precise parameters of the motor model, and
a stability analysis are required. The actual voltage, by
compensating the dead-time caused by a modulation, can
improve the estimation accuracy [6]. Online parameter
detection for a higher precision can also achieve a higher
estimation accuracy [9], but there become many variables in
the system. A stability analysis is also necessary for a stable
sensorless control [5]. These are very important because an
inaccurate estimation of the rotor position may cause a failure
of the synchronization to the rotation. On the other hand, a
separate start-up technique is required because the back-EMF
cannot be estimated or measured at the initial state with no
rotation [8].

Most controllers are generally implemented with a digital
signal processor [3]-{7]. A non-fabricated field-programmable
gate array [8], or a processor with a partially fabricated circuit
for sensorless control [10], was introduced. These are not
implemented with a full fabrication, which can maximize the
driver performance. In addition, position-sensorless drive with
a speed sensor or a current sensor [11] is not completely
sensorless. Thus, in this paper, a fully fabricated and fully
sensorless driver is proposed. The motor controller is
implemented using a digital circuit to run a complex algorithm
within a small area, and a pre-driver with a sensing circuit is

integrated with the controller to increase the accuracy of the
speed control without a duty ratio distortion of the PWM signal.
It is stable under an abrupt variation of the speed and load, as
efficient as a control using a position sensor, and has a low
speed ripple and error with an accurate speed control. A
sensorless driver for a PMSM, integrated with a pre-driver and
a three-phase current sensing circuit and fabricated in a single
chip, has not been introduced yet. Through this sensorless
driver, a high speed control accuracy and efficiency can be
achieved with high stability.

II. System Architecture

A PMSM drive system consists of a motor controller, a pre-
driver, and an inverter. A block diagram of the proposed
integrated sensorless motor driver is presented in Fig. 1. Itis a
mixed-mode united circuit composed of a motor controller, in
which a sensorless algorithm is implemented by a digital circuit,
and a pre-driver with a current sensing circuit implemented by
an analog circuit. The proposed driver can drive high power to
a PMSM through a three-phase inverter.

The motor controller is composed of a position estimator,
a speed controller, and a voltage modulator. The position
estimator estimates the back-EMF from the three-phase
voltage and current information of the motor, and calculates the
rotor position from the back-EMF. The speed controller
estimates the rotation speed from the variation of the rotor
position, and determines the phase voltage as a modulation
index by comparing with a reference speed. The speed
estimator counts the exact time interval from the main system
clock to increase the accuracy of the speed control, an adaptive
time of the modulation index change is used to reduce the
speed ripple, and the modulation index has a high resolution to
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Fig. 1. Motor drive system of proposed integrated sensorless motor driver.
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Fig. 3. Three-phase current sensing circuit.

reduce the speed error. The voltage modulator finds the proper
three-phase voltage combination corresponding to the rotor
position in the sine look-up table (LUT), scales the voltage
according to the modulation index, and outputs the final PWM
signal by comparing to a saw wave. In the LUT, a third
harmonic wave is added to the pure sinusoidal waves to
maximize the fundamental amplitude with the same PWM
voltage as described in [12].

A pre-driver is necessary to transmit the PWM signal
generated in the controller to the inverter, changing the signal
from a low voltage level to a high level. A detailed circuit of the
pre-driver for one phase is shown in Fig. 2. The most important
feature is that a level shifter, which can be integrated in a circuit
and make the high voltage level, is used to drive a high-side
power device through a bootstrap technique. First, the PWM
signal is divided into two signals for the high and low sides
after adding the dead-time. To prevent a considerable amount
of current consumption, two pulse signals are generated for
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each side, and the signals for the high side are transmitted to
the level shifter. After changing the level to high, they are
compensated based on the level of change. Because the pulse
signals are only available for a short time, a set-reset (SR) latch
holds the output for the high-side driver.

There are two voltage domains in the pre-driver. One is a
low voltage (Vppr) for the pulse signal generation and low-side
driver, and the other is the bootstrap voltage (Vpst) of the high
voltage for the level shifter and high-side driver. Thus, some
high-voltage devices are used in the level shifter and the
bootstrap diode, whereas the high-side driver adopts isolated
transistors that have a floating ground tied to the inverter output.
Because all components of this pre-driver, except the
capacitors for the bootstrap, are integrated with the motor
controller, the PWM signal generated from the controller can
be transmitted to the inverter without a duty ratio distortion.

An accurate current sensing technique with a high resolution
is required to increase the stability of the sensorless control and
the performance of the speed control [1]. Figure 3 shows
the current sensing circuit including three independent 10-bit
analog-to-digital converters (ADCs) for concurrently sensing a
three-phase current flowing through the power devices.
Because the motor current flows through the low-side power
devices regardless of the current direction, it is measured based
on their voltage drops, as described in [4], and further
measured concurrently when all of the power devices are
turned on. Although this can be done through an additional
series resistor to improve the accuracy, it has the problem of an
efficiency degradation. The voltage drop is sensed as a signal
by the circuit through a filter. Because it is either positive or
negative according to the current direction, the signal level is
increased by the level shifter. The signal is then amplified using
a variable gain amplifier (VGA) with a gain considering the
resistance of the power device. The ADC, which is enabled
only when all low-side power devices are turned on, samples
and holds the signal, and then converts it into a digital value
using a successive approximation register (SAR) method.
Finally, it is used for the sensorless algorithm and over current
protection (OCP) in the motor controller.

The phase current varies not smoothly but roughly by the
pulse shape of the PWM voltage, as shown in Fig. 4. The
motor drive system in Fig. 1 was simulated with actual
parameters by Power Sim simulator. Figure 4(a) shows the
current ripple of more than 1 A of the three phases at 3,000 rpm
under a light load condition. An accurate current measurement
seems to be limited by the ripple. However, the three
independent ADCs can operate simultaneously at a requested
time when all low-side power devices are turned on, as shown
in Fig. 4(b). Because they are integrated and synchronized with
the PWM signal, the measurement errors are minimized. The
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simultaneous sampling of the current has a good performance,
as shown in Fig. 4(c), compared to the independent sampling
for each phase. The measurements of the three-phase current at
different times lower the accuracy of the measured value.

I11. Sensorless Control with Back-EMF Estimation
1. SMO

There are many methods of back-EMF estimation for
sensorless control because the back-EMF cannot be measured
directly from the motor. SMO is a back-EMF estimation
method and entails a minimization of the errors between the
estimated current and actual current based on the equivalent
motor model. The estimated current tracks the actual current in
sliding mode. The phase current is estimated using the phase
voltage and estimated back-EMF because it varies by two
factors in the motor. From the current state of the phase current,
voltage, and back-EMF, the next state can be estimated; and the
estimation can then be done recursively. The phase voltage is
easily obtained from the integrated control blocks, not from the
measurement, and the actual phase current is measured by the
current sensing circuit.

In the equivalent model of the PMSM shown in Fig. 5, three
phases — U, V, and W — have a star (Y) connection and a
neutral point, N. Each phase current flows through a resistor,
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Fig. 5. Equivalent model of PMSM.

an inductor, and a back-EMF when the corresponding phase
voltage is applied. It is assumed that the three phases each have
the same resistance and inductance, and each phase can be
analyzed independently as neutral point Vis a virtual ground in
the case of a sinusoidal drive [4]. For the rotor position, the
rotor angle can be defined using the three axes, located at every
120 degrees in the stator, for the U, V, and W phases. However,
it can also be defined using two orthogonal axes for o and S
phases after a Clark transformation [11] for a simple analysis of
the rotor angle.

For the two phases of a and f in a fixed frame, the relations
among the phase voltage, current, and back-EMF can be
represented as state equations, where the phase current is a state
variable. These voltage equations can be represented as

. R

L=——i, ——e, +—v,,

a Lll LO! L o (1)
R. 1 1

ig= —zlﬁ _Zeﬂ +zvﬂ,

where R is the phase resistance, L is the phase inductance, and
Vaips lq/p. and e,z are the voltage, current, and back-
EMF for each phase, respectively. According to (1), the next
state of the phase current is estimated through the input voltage,
input back-EMF, and current state of the phase current. In this

case, the input back-EMF is estimated through the SMO.

2. Back-EMF Estimation

The sensorless algorithm for back-EMF estimation based on
SMO is shown in Fig. 6. Initially, the voltage and current are
normalized to adjust the scales to each other. Through a Clark
transform, v,,, and i, ; are obtained from the three-phase
voltage and current, which are used for the back-EMF
estimation. Because the estimated current and estimated back-
EMF are used in the SMO, the state equations of (1) can be
changed as follows:
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where i, p and ¢, are the estimated current and back-
EMEF, respectively. The error i,,,, which is the difference
between the estimated current and actual current, determines
the estimated back-EMF through a switching function and
amplification, which can be represented as

éa :kS(l_a) :kS(;a _ia)a

, — - ©)
ep =kS(ig) =kS(iz—ip),

x for-l<x<l,
S(x)=¢-1 forx<-1, @)
1 for x > 1,

where k is the observer gain, which is determined to be
appropriate and large enough for the stability, and S is the
saturation function. Substituting (3) into (2), the final state
equations, which have only two inputs of voltage and actual
current, can be represented as
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i, = —ﬁfa —lkS({a —ia)+lva,
L L L
2 R, 1 2. 1 ©)
ig = 7 —ZkS(zﬁ —zﬁ)+zvﬁ,
where the estimated current is the state variable.
Assuming that the estimated current almost tracks the actual
current, (2) can be simplified as
o = Vo = Ml ©
eg =vg —Rig.
According to the voltage equation of (6), Fig. 7 shows that the
back-EMF can be estimated by the voltage and current for the
o and f phases, and that the rotor position is calculated from
the two back-EMF waves. The back-EMF is determined by
the phase voltage and voltage drop by the current through the
resistance. Because o and f have a phase difference of 90
degrees, the two back-EMF waves also have the same
difference. Meanwhile, the rotation speed is estimated from
the variation of the rotor position. Thus, the estimated rotor
position and speed can be represented, respectively, as

0=—tan™" [?—“J, cf)=ié @
ez dr

Driving a motor using the estimated back-EMF by the SMO
requires a stability analysis of the control for stable operation.
Considering the estimation error between the estimated current
and actual current as a sliding surface, the Lyapunov function
[5] can be defined as

V=GR ®)

The sliding mode exists when? < 0; the differential function
of (8) can be represented as

V=l +igig = i,y — i) +iglig —ig) . )
Substituting (1), (2), and (3) into (9), this can be simplified as

V=T T (S e,)
Ren 1o B (10)
—T i s (S =ep),

Finally, the condition for the existence of the sliding mode is
obtained as

k2|ea|,

; (1)

where k is the observer gain. Therefore, the observer gain
should be determined to be large enough for the stability of the
SMO.

k2|eﬂ
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Fig. 8. Forced commutated start-up: (a) block diagram and (b)
simulated three-phase current waveform.

3. Start-Up

An estimation of the rotor is difficult when the rotor does
not rotate or rotates slowly because the back-EMF is
generated by the rotation, and the amplitude is proportional to
the rotation speed. Thus, among some start-up techniques
for the initial sensorless drive, Fig. 8 shows a forced
commutation technique with an open-loop control, which is
generally used. The rotor is initially aligned by driving a
predetermined point. Next, the point moves and circulates
slowly so that the rotor rotates following the point without
recognizing the exact rotor position, and the circulation is
accelerated with an increasing modulation index. During the
forced commutation, the back-EMF can be estimated by the
SMO. When the speed reaches a predetermined value during
the acceleration, the sensorless drive finally changes the
control from the forced commutation to the SMO. Figure 8
shows the three-phase current during the start-up according to
the sequence. The rotor becomes located at a specific point
based on its alignment. Although the initial current is large,
it becomes stable through the acceleration. Therefore, the
sensorless drive becomes complete by adding the start-up
technique to the SMO algorithm.

IV. Experimental Results

The proposed integrated sensorless driver was constructed
by combining a digital motor controller and an analog pre-
driver in a single chip including electrostatic discharge protection
circuits [13], as shown in Fig. 9. It was fabricated using a
0.18 pm BCDMOS process in a 13.2 mm” area. Table 1 shows
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3 mm

Fig. 9. Microphotograph of integrated driver chip.

Table 1. Characteristics of proposed driver.

Digital motor controller Analog pre-driver
Operating voltage 18V 5V
. 11 mA (driver) *
tin, t 5mA
Operating curren 4.5 mA (current sensing)
Frequency 20 MHz (main clock) |20 kHz (PWM switching)

* The drive current for power devices is not included.

Table 2. Specifications of PMSM.

Motor ratings Phase parameters
Output power 1,500 W Inductance 0.1 mH
Torque 4.8 N'm Resistance 17 mQ
Voltage 448V Torque constant | 0.06 N-m/A
Current 33A Back-EMF constant | 6 V/krpm
Speed 3,000 rpm N/A N/A
Number of poles 4 N/A N/A

the characteristics of the driver. The digital circuit and analog
circuit used 1.8 V and 5 V, and operated at 20 MHz and 20 kHz,
respectively. The main clock was divided by 1,000 to generate
the PWM switching frequency.

The three-phase inverter was made using power MOSFETs
having a break-down voltage of 100 V. As shown in Table 2, a
PMSM, having an output power of 1,500 W with a rated
voltage of 48 V and rated current of 33 A, was used. In the
experiment, the motor operated at 1,000 rpm, 2,000 rpm, and
3,000 rpm under a load less than 5 N'm, and the function was
verified in the environment, as shown in Fig. 10(a). The
proposed driver IC, composed of a motor controller and pre-
driver, drove a PMSM coupled with a hysteresis brake though
a three-phase inverter. The driver was configured with motor
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Fig. 10. Environment for experiment: (a) function verification
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parameters and controlled for a speed change by a computer
through an I°C serial interface. The phase current and voltage
were measured by an oscilloscope. Moreover, internal signals
in the driver, such as sensed actual current, estimated current,
estimated back-EMF, estimated rotor angle, and estimated
speed, were also measured during the sensorless control
through test-pin outputs of the driver. The function was verified
by measuring the control status and operation signals in the
driver under speed and load variation.

The performance was evaluated in the environment shown
in Fig. 10(b) including the environment for function
verification. All phase voltages, currents, and power levels of
the motor were measured and calculated by a power analyzer;
the speed and torque were measured by a dynamometer, and
this information was transmitted to a motor analyzer. The
motor analyzer calculated efficiency using the power levels of
the power supply and each phase, as well as using the rotation
status. The efficiency was analyzed in the motor analyzer for
three types; that is, the inverter efficiency, #pny, motor
efficiency, #voror, and total efficiency, #rorar, which are
represented as
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My = Pac / Poce :ZPU/V/W ! (Vpe x Ipe),
Mvotor = Four / Pac = (CUXT)/ZPU/V/W>

Nrorar =My X votor = Four / Focs

(12)

where Vpc and Inc are the voltage and current of the dc power
supply, and @ and 7 are the angular speed and torque of the
motor, respectively. These data were transmitted to a computer
and recorded. During the experiment, the computer made a
torque transducer to increase the load from zero to the rated
torque in small steps. For each step, all measured and
calculated data including the efficiency were recorded.

The phase current waveform is generally used to confirm the
motor operation. It is also used to show the speed (based on the
frequency) and load (based on an estimate of the amplitude).
Figure 11(a) shows a measured one-phase current at 2,000 rpm
under a 3 N'm load. The estimated back-EMF signal and
estimated rotor position signal by the SMO are shown in
Figs. 11(b) and 11(c), respectively, which were measured from
the driver through the test-pin outputs. It was verified that the
sensorless algorithm can estimate the back-EMF and drive the
motor with the calculated rotor position.

The stability of the sensorless drive was confirmed, as shown
in Fig. 12, based on the speed variation when the reference
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speed changes abruptly. The speed increased from 1,000 rpm
to 2,000 rpm for 0.35 s under a constant 3 N'm load; thus, the
frequency of the current also increased two-fold and the
amplitude became slightly larger. The driver was thus verified
to be robust under a speed variation.

The stability was confirmed once again, as shown in Fig. 13,
by an abrupt load variation. The load was increased from
0 N'm to 4 N'm at a constant 1,000 rpm. The speed became
lower at the time of the increase, but the driver soon recovered
its speed. The amplitude became larger owing to the increased
load, and it took 0.4 s to reach a steady state. Because the speed
was maintained, the driver was thus verified to be robust under
a load variation. The robustness under both a speed and a load
variation means that the back-EMF was estimated in the SMO
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Fig. 14. Measured inverter, motor, and total efficiency of
sensorless driver at constant 2,000 rpm, and
comparison with commercial driver using sensored
control.

exactly by applying all transitions of the current and voltage.

The most important performance factor of the motor drive is
generally the efficiency. The inverter, motor, and total
efficiency were measured according to (12), as shown in
Fig. 14, while the motor operated at a speed of 2,000 rpm
under a rated load of 5 N'm using sensorless control. The
inverter efficiency was over 85% in most of the load range, and
showed a maximum of 93%. This can be obtained only when
the active ac power is larger than the reactive power, owing to a
small phase difference between the voltage and current.
Although the motor efficiency was relatively small at a light
load, it was increased as the load became closer to the rated
load, and showed a maximum of 88%. Owing to the high
inverter efficiency, the total efficiency was also high.

For an evaluation of the efficiency of the sensorless driver,
another total efficiency, shown in Fig. 14 for comparison
purposes, was measured using a commercial driver with a
position sensor, and the same motor at the same speed and load
condition. The two total efficiencies showed at most only a 1%
difference in all load ranges, and the proposed sensorless driver
had a slightly lower efficiency at a heavier load than the
commercial driver using a position sensor. Therefore, the
proposed sensorless driver has a good performance compared
to the driver under sensored control.

The motor is driven by a combination of the three-phase
current, which is not constant but sinusoidal. The rotor rotates
based on the sum of the three-phase torque, which is generated
by the overlap of the three-phase current and back-EMF.
Because the torque sum is not even, the rotation speed is
variable, and this shows near the reference speed. This
variation makes the speed ripple (i) and speed error (),
which can be defined as
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Fig. 15. Measured speed ripples: (a) 1,000 rpm, (b) 2,000 rpm,
and (c) 3,000 rpm.

Dripple = (wmax - wmin) / Wy,

e (13)

Doy = (wavg - wref)/ Dret >

where Omax, Omin, Wavg, aNd ¢ are the maximum speed,
minimum speed, average speed, and reference speed,
respectively. The speed ripples were measured by a rotation
vibrometer at 1,000 rpm, 2,000 rpm, and 3,000 rpm, as shown
in Fig. 15. The speed ripples of 53 rpm, 74 rpm, and 94 rpm
were measured at 1,000 rpm, 2,000 rpm, and 3,000 rpm,
respectively, and were 5.3%, 3.7%, and 3.1%, respectively, as a
percentage of each average speed. They became smaller when
the average speed increased. They were measured under no
load to exclude the influence of a load, but the results were
similar at medium and full load conditions. The speed ripples
were moderate compared to previous works, as shown in
Table 3, considering that [14]-{16] used both a position sensor
and a speed sensor, and that only [17] was based on a
sensorless control.

The speed error is also an important performance factor of
the speed control. According to (13), the speed error is small
when the average speed is close to the reference speed. The
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Table 3. Comparison of speed ripple and error with previous works.

Speed ripple | Speed error | Speed (rpm) | Motor type
2007 [14] 3.4% 0.4% 1,000 BLDCM
2009 [15] 1.2% 0.12% 2,500 BLDCM
2010[16] 6.0% N/A 500 SRM
2011 [17] 3.7% N/A 1,800 SRM
2014 [18] 3.5% 0.2% 1,000 PMSM
3.1% 0.07% 3,000
This Work 3.7% 0.1% 2,000 PMSM
53% 0.14% 1,000
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Fig. 16. Measured speed error at all load ranges: (a) 1,000 rpm,

(b) 2,000 rpm, (c) 3000 rpm, and (d) histogram.

speed errors were measured at 1,000 rpm, 2,000 rpm, and
3,000 rpm under a load of 5 N'm, as shown in Fig. 16. The
speed errors were similar at each speed regardless of the load
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because the modulation index of the controller had a high
resolution at any load. The absolute maximum errors at
1,000 rpm, 2,000 rpm, and 3,000 rpm were 3 rpm, 5 rpm, and
6 rpm, respectively, as shown in Figs. 16(a), 16(b), and 16(c).

Most of the errors, however, were very small for all loads,
which is evident from the histogram in Fig. 16(d). All speed
errors of the three speeds were within +0.3%, and they seemed
to show normal distributions because the amount of data
increased as the error became closer to 0%. The absolute speed
difference was large at a high speed, but the percentage became
small because of the division by the high reference speed. Thus,
the amount of data on zero speed errors at 3,000 rpm was
greater than at 1,000 rpm. For all speeds and loads, the average
error was within 0.03%, the maximum error was within 0.3%,
and the statistical standard deviation was about 0.1%, because
they were 0.14%, 0.1%, and 0.07% at 1,000 rpm, 2,000 rpm,
and 3,000 rpm, respectively. This is a result of the resolution of
the duty ratio being designed to have a fine unit of +0.1%
because it determines the resolution of the speed control.

Because the speed errors were irregular over the load range,
if the statistical standard deviation for each speed is chosen as
the representative for the speed error, the proposed driver has a
good speed error performance. As shown in Table 3, the speed
error of 0.14% at 1,000 rpm was less than the results of [14]
and [18] at the same speed, and similar to that of [15] at a
higher speed. Above all, the speed error of 0.07% at 3,000 rpm
showed the best performance considering that it was under
sensorless control compared to previous works under sensored
control.

V. Conclusion

This paper proposed an integrated and fully sensorless driver
for PMSMs, operating without sensors, such as position, speed,
current, and voltage sensors. The proposed driver is composed
of a digital motor controller and analog pre-driver including a
three-phase current sensing circuit. The implemented SMO
algorithm estimated the back-EMF and calculated the rotor
position using the drive voltage and measured current of the
motor, and the speed was estimated and controlled using the
rotor position. The pre-driver was designed using a level shifter
and an isolation technique to be integrated with the motor
controller, and the current sensing circuit was designed to sense
the three-phase current simultaneously by the three
independent ADCs. In the experiment with the IC fabricated
using a 0.18 um BCDMOS process, the operation and
performance were evaluated using sensorless control, driving a
1,500 W motor through a three-phase inverter at 1,000 rpm,
2,000 rpm, and 3,000 rpm under a 5 N'm load. The driver
showed a stable operation in spite of the variation in speed and
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load, and has near a 1% efficiency difference over all load
ranges at the rated speed, as compared to a commercial driver
using a position sensor. In addition, it has a moderate speed
ripple and low speed error of about 0.1%. Consequently, the
proposed integrated driver has good performance for a PMSM
drive with sensorless control.
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