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ABSTRACT

The new industry trend for devel-
oping highly efficient compressors is to
use a Brushless DC (BLDC) motor with a 
6-step, 120-degree drive and a Hall
sensor.  Traditionally, designers have
used full vector control for industrial
applications that require very high per-
formance and efficiency.  To keep the
advantage of BLDC motor efficiency
without increasing total cost, designers
have also developed and applied a more
economical 6-step, 120-degree drive
that doesn't use a sensor.  We have
reviewed the performance of all three
types of motor control methods using
various criteria, and have analyzed
factors that affect the overall efficiency of
a compressor application.  Our criteria
included speed, torque, torque accuracy,
response, efficiency and noise.  

After understanding the limitations
of the 120-degree control methods, we
have developed a sensorless 180-
degree sinusoidal motor control
approach that uses the One-Shunt
Current Detection (OSCD) method.
During sinusoidal pulse width modulation
(pwm) generation, our sensorless con-
troller design measures the current in the
shunt at a specific time using a special-
ized timer channel, then reconstructs the
waveforms of the phase currents.  That
data is processed by the microcontroller,
which adjusts the frequency and
amplitude of the drive signals to obtain
the desired compressor performance.  

Our BDLC motor controller design
with sinusoidal drive and one-shunt
current measurements is cost effective
and enables implementations that are
very efficient.  This paper explains our
methodology and describes test results
for a sensorless motor controller that
satisfies the requirements of compres-
sors used in home appliances.

1.0  INTRODUCTION

To build appliances that are more
energy efficient, manufacturers are
slowly beginning to use brushless direct-
current (BLDC) motors instead of
standard AC induction motors.  However,
the adoption of BLDC motors has been
slow, due to a lack of cost-effective
control techniques.  Traditional vector-
control approaches use position and
current sensors to achieve high
response, low noise and good accuracy
at high torque, as shown in figure 1.
However, the sensors needed to obtain
such responsive control are expensive,
adding tens of dollars to the bill-of-
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Figure 1. Cost performance trade-off for Vector & 120 Deg control
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material (BOM) cost.  As a result, motor
controllers of the vector-control type are
typically limited to industrial applications
in which performance is a primary
concern.  

Home appliances, by contrast,
are very cost sensitive, so they generally
use a lower-performance, 120-degree
control method, with or without a sensor.
This type of controller provides a variable
speed feature, but offers much less per-
formance.  In particular, it provides
neither high response nor high efficiency,
especially in traditional sensorless imple-
mentations, thereby causing appliances
to remain limited in features and
functions.  

For our study, we selected a com-
pressor application typical of those used
in home appliances and analyzed its per-
formance requirements in terms of the
eight key criteria.  Subsequently, we
evaluated the 120-degree control
methods, taking vector control as the
reference method.  After investigating
and understanding the limitations of the
120-degree control methods, we
developed a 180-degree sensorless
control technique that achieves good
energy efficiency, yet can be implement-
ed economically.  

In this paper we describe our 180-
degree sensorless motor control
method, discuss our initial results, and
compare the performance we achieved
in various areas to that of alternatives.
Specifically, in Section 2 we discuss the
traditional vector and 120-degree BLDC
control methods and their relative merits,

also covering performance require-
ments.  In Section 3, we explain our one-
shunt current control approach, detailing
the measurement method.  In Section 4,
we present the initial test results of our
180-degree sensorless control technique
in several performance areas and show
how the data compares to the other
methods.  Finally, in Section 5 we briefly
summarize the future development
activity we plan to pursue.

2.0  BLDC MOTOR CONTROL
METHODS

Figure 2a shows a typical applica-
tion in which the vector control method is
used to control the BLDC motor.  The
implementation uses a position sensor
and two current transducers to control
the flux level in the coils and, thus, the
torque on the rotor. In this full vector
control method, the information from the
position sensor is used to determine the
alignment of the rotor d-q frame in the
stator u, v, w frame. 

Figure 2a. Typical vector control requires position sensor and

two current transducers adding cost to the BOM
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Figure 2b shows the circuits that
manage the currents in the d and q direc-
tions to maintain the flux and generate
the torque needed to keep the speed
within the motor's specified accuracy.
This controller design can respond
quickly to correct any speed errors that
occur.  

To make the overall calculations
necessary for reaching and maintaining
the correct motor speed, vector-control
designs use a proportional-integral (PI)
type automatic speed regulator and
automatic current regulators.  The pulse-
width modulation (pwm) used for the DC
bus is based on the currents in the rotor
d-q frame.  This BLDC control method
enables accurate speed control in situa-
tions where the load on the motor
changes continuously.  

In summary, motor controllers
based on the vector-control method
provide high response, good torque
accuracy, high efficiency and low noise.
However, because they add cost to the
final implementation, their use is mainly
confined to industrial applications where
the system performance requirements
justify higher costs.  

Another, less expensive way to
control a BLDC motor so that it runs at a
given speed is to use the 120-degree, 6-
step modulation method (figure 3). In this
approach, the current in each stator coil
is maintained 120 degrees positive, 60
degrees free, 120 degrees negative, and
60 degrees free for any given electrical
cycle.  At every 60 degrees, a state
change is performed to turn ON and OFF
an IGBT or power MOSFET.  This state
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machine is well described in many
handbooks [1,2] and in several white
papers.  

This control method can use
position-sensor feedback to accurately
perform a state transition, or — in the
sensorless version — it can use the
back-EMF signal to perform a delayed
transition.  Regardless of whether the
controller uses a sensor (typically a Hall-
effect type) or is sensorless, it computes
the speed of the motor from the time
between two signals and uses a PI type
speed regulator to maintain the proper
motor speed.  The sensorless 120-
degree method is preferred by many
appliance manufacturers because it
costs less to implement.  

To better understand the design
choices that engineers at appliance
makers must make, Hitachi R&D team
members investigated the performance
of the sensorless 120-degree, 6-step
modulation control method with respect
to eight performance criteria, taking
vector control as the reference method.
Here are the criteria Hitachi R&D lab
analyzed:  

1. High speed: Can the control method
achieve and maintain the maximum
speed at which the motor must
operate? The motor might have to
operate at 6000 or more rotations per
minute (RPM), for example.  (For a
compressor to create high pressure,
for instance, the motor may have run
at 100 Hz or more, which corre-
sponds to this high RPM.  By
contrast, if the compressor has to
produce only a minimum pressure
differential, the speed of the motor
may drop to less than 600 RPM.)  

2. Large torque at low speed: When
the motor is running at low speeds,
say 600-900 RPM, can the control
method create a large torque value?
This criterion is a factor in determin-
ing how quickly the controller can
respond to changes in speed and flux
when the motor operates at low RPM.  

3. Large torque at high speed: Can
the control method create large
amounts of torque at high speeds?
To maintain high speed, the controller
usually runs a high carrier frequency,
so only a short time is available for
performing all necessary computa-
tions.  For example, the controller has
only 50µs to make calculations when
the carrier frequency is 20 kHz, but 
250µs when the carrier frequency is 
4 kHz.  Moreover, at high carrier fre-
quencies, the pulses in the pwm
waveforms are narrow and may not
be able to create sufficient stator coil
current to develop high motor torque.
To be effective, the control method

BLDC

Controller

Inverter

Position 
Sensorless

&
Current 

Sensorless

Back EMF Feedback signals

Figure 3.  Sensorless 120° 6-step control method
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must have the ability to do both:
complete all necessary calculations,
while also creating high current in the
motor coils.  Moreover, the control
algorithm used must be able to
identify such situations.  

4. Torque accuracy at low speed: Can
the control method maintain high
accuracy in torque at low speed?
This accuracy is a direct reflection of
the torque ripple created by the motor
controller.  

5. Torque accuracy at high speed:
How well can the control method
maintain high accuracy at high
speeds? This criterion is a measure
of the controller's ability to recognize
fast, yet small, changes in the BLDC
motor's speed and torque.  

6. Response: How quickly can the
control method make changes in
motor speed and torque? For
example, if the desired speed rises
from 1000 RPM to 2000 RPM, how
long does it take the controller to
achieve the desired speed?  Rapid
changes in the load on the motor will
cause rapid variations in the
measured speed, so the control
method must have the ability to
respond quickly.  

7. Efficiency: How much power does
the control method require? The effi-
ciency of the controller is directly
connected with the efficiency of the
motor and the motor's output power.
If the motor readily can handle
dynamic changes in the load, then

the control method is very efficient
and both the controller and motor will
use less power/energy.  For appli-
ances, power usage is an important
measure of overall product perform-
ance.  Good energy efficiency is a
definite plus. 

8. Low noise: How much noise does
the control method generate when it
is controlling the speed of the BLDC
motor? This criterion is a measure of
the controller’s ability to control the
torque ripple, or to create a smooth
modulation using the power module.
Noise can be reduced if the controller
can use a higher carrier frequency,
but higher frequencies require faster,
generally more expensive processors
that have sufficient computation
capability. This criterion is interrelated
with other criteria and impacts the
user's perception of the appliance.
Consumers buying refrigerators 
or air-conditioners usually want
products that operate quietly.

Figure 4 plots the data for the
eight previously described criteria in
color coded curves for the three BLDC
motor control methods.  We took the
vector control method as a reference
because it provides the highest levels of
performance in all of the criteria,
assigning its performance a normalized
value of 5.0.  In our analysis, the 
120-degree control method (sometimes
called 120-degree drive) with a position
sensor is deficient in all areas due to the
very nature of state changes and the
characteristics inherent in its modulation
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technique. This method uses a 120-
degree positive, 60-degree free, 120-
degree negative, and 60-degree free
technique for a given electrical rotation,
so torque ripple is built in and perform-
ance is reduced.  The electrical
frequency is related to the number of
pole pairs in the motor and the mechani-
cal rotation, and the state-change time is
limited, especially at high frequency.  

For example, at 100-Hz mechani-
cal rotation with 6 pole-pair motor, the
state-change frequency of the 120-
degree control method is only 3600 and
the modulation is primarily trapezoidal.
For the same 100-Hz mechanical
rotation, a controller implementing the
vector control method will use a 20 kHz
carrier frequency to modulate the pwm
voltages.  Motor speed is varied by
changing the slope of the trapezoid with
pwm counts, and the accuracy with
which the speed can be regulated
generally depends on the granularity of
the pwm counter. With 120-degree
control methods, the desired control
precision may not be achieved.
Moreover, efficiency is low because the

motor's stator coils are supplied with
power during only two-thirds of the elec-
trical rotation and thus cannot do any
useful work one-third of the time.
Response is also slow because full
power cannot be applied.  

The 120-degree control method
that doesn't use a sensor has worse per-
formance.  It exhibits degradations in the
areas of response, torque at low speed,
and accuracy at low speed.  These defi-
ciencies typically result in a very poor
control of appliance compressors with
BLDC motors.  

To provide application insight, 
we analyzed the requirements of
appliance compressors in each of the
eight performance criteria (figure 5).
Compressors generally do not run at
6000 or more RPM, nor do they 
have a high-speed drive requirement.
Therefore, for this application we rate the
first criterion at about 70 percent, giving
a value of 3.5 on our normalized scale.
In light of this assessment, our third
criterion also has the same value.  These

(1) High speed drive

(2) Large torque
 at low speed (3) Large torque

 at high speed

(4) Torque accuracy
 at low speed (5) Torque accuracy

 at high speed

(6) Response
(7) Efficiency

(8) Low noise

Vector Control

120° Drive with
Position Sensor

120°Drive without
Position Sensor.

Figure 4.  Comparison of 120° sensor and sensorless control
with vector control.

Figure 5.  Comparison of 120° sensorless control and  
compressor performance requirements.
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two requirements are well below the
ability of the vector control method, but
higher than the performance obtainable
from either of the 120-degree control
methods.  Moreover, appliance compres-
sors do not run at low speeds. Therefore,
the second criterion for this application
has a very low value too — around 20
percent or 1.0 on our scale.  

Compressors are basically con-
sidered to be constant-load devices.
They don't have to cope with the
dynamic large changes in load that
industrial BLDC motor drives can experi-
ence.  Nevertheless, appliance compres-
sors do encounter smaller load changes
that may become dynamic at times and
must be able to handle these fluctua-
tions.  The 120-degree control method
lacks the required performance, provides
relatively poor efficiency and is too noisy.
For these reasons we started looking
into new control methods that can
achieve the required performance using
cost-effective sensorless implementa-
tions.

3.0  "TYPE A1" CONTROLLER

A key weakness of the 120-
degree control method, with or without a
sensor, is that the stator coils of the
motor do not perform useful work for one
third of each rotation.  Also, the modula-
tion scheme used generates high torque
ripple, which adds into the noise the
compressor creates.  To avoid these
pitfalls, we incorporated two new

features to our control scheme, which
are shown in figure 6.  This method was
called "Type A1" internally at the Hitachi
R&D Laboratory and we will use that
designation in this paper.  Please note
that most of the development activities
were performed by Hitachi R&D lab
members.  

The first major feature of our Type
A1 method is that it uses sine wave mod-
ulation so that the motor can perform
useful work throughout the entire
rotation. Higher efficiency is achieved
because balanced currents are created
in all coils.  The sine wave modulation
scheme requires a special 3-phase timer
with dead-band register to ensure that
the high-side and low-side power
switching devices are never turned on at
the same time, a situation that otherwise
might cause a melt down.  The sine wave
modulation scheme is known to reduce
noise levels in the compressor due to the
way it smoothly creates current in the
stator coils.  When the coil currents have

Figure 6. Two significant changes to 120° control method

Controller2. Shunt
Current Sensor

BLDC

DCCT Sensorless
Position Sensorless

1. Sinusoidal Current Drive
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no ripples, the torque ripples are reduced
and thus noise is decreased.  However,
a very important characteristic is lost with
sinusoidal current drive; i.e., back-EMF
signals are no longer available.  Thus, a
key design challenge is to find an
effective, low-cost way to measure the
coil currents.

Figure 7 shows that 180-degree
sine wave modulation can provide per-
formance improvements in noise and
efficiency. One of our goals was to
maximize the gains in these two criteria.  

The second major feature of our
Type A1 control method is that it uses a
small resistor in low DC bus that can
help measure the coil drive currents in
the absence of back-EMF signals.
Generally, for safety reasons such a
resistor is always added into the
hardware to detect over-current condi-
tions.  Our motor control method can
measure the voltage across this shunt
resistor to determine currents at a
precise time during the pwm half-width.
That allows us to obtain and resolve

correct current measurements in the u
and w coils.  By measuring these
currents with shunt resistors, we
eliminate the need for the current
sensors or transducers (marked as
DCCT in figure 2a) on the high side and
reduce the system BOM cost.  

Once the currents in two coils are
measured during the pwm time, we can
use any suitable closed-loop control
algorithm to handle speed accuracy and
torque.  The speed and position of the
rotor of the BLDC motor can be
estimated from two current measure-
ments, plus the voltages applied during
that pwm cycle.  The accuracy required
from this estimate generally dictates the
best algorithm to use.  If the speed of the
motor can be controlled with low
accuracy, then it is OK to execute a
speed regulator algorithm and not worry
much about torque accuracy. Speed
estimates that are highly accurate
enable very refined position estimates.
With very accurate speed estimates, the
id and iq current estimates are also at a
level where one can implement a vector
control scheme to control the motor
torque and the flux in the coils.  In sum,
the overall performance requirements of
the application dictate the estimation
algorithm required. Of course, the
algorithm chosen is a major factor in
determining the computing capability the
microcontroller must deliver.  

With these two features in mind —
sine wave modulation and the use of a
small resistor to measure drive current
— we first want to describe the timer

(1) High speed drive

(2) Large torque
 at low speed

(3) Large torque
 at high speed

(4) torque
accuracy at
low speed

(5) torque accuracy
 at high speed

(6) response
(7) efficiency

(8) Low noise

Sinusoidal Current Drive!

Figure 7.  180° sinusoidal modulation 
reduces noise and increases efficiency.
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features necessary for implementing
both features and discuss how to
measure two currents correctly.
Subsequently, we will describe the
design issues of such implementations.
Later, in the next section, we will review
our test results.  

To generate proper sinusoidal
modulation, the timer peripheral must be
able to create three independent sine
waves.  As shown in figure 8a, our
SuperH RISC series microcontrollers
allow channels 3 and 4 of a Multi-
functional Timer Unit (MTU, one of the
device's on-chip peripheral functions) to
be used to create six pwm outputs.
These six outputs enable three proper
sine waves to be generated for driving
three stator coils.  Carrier cycle counts
are loaded in the TGR3A register;
voltage command values are loaded in
the TGR3B, TGR4A and TGR4B
registers.  The MTU has a dead-time
register for creating a complimentary
pwm output pair that incorporates a dead
time in the lower and upper outputs.  This
permits the lower IGBT or power
MOSFET to be turned OFF before the
upper or high side IGBT/power MOSFET
is turned ON.  

Each channel has a buffer
register that holds the next pwm value
the microcontroller has computed using
the firmware algorithm.  Whenever the
counter starts counting up, that buffer
value is also automatically loaded into
the register that performs the compari-
son and generates the output.  During
count-up cycle, the high side is turned

ON; during count-down cycle, the high
side is turned OFF.  Because the pwm
values are based on a sine table, a
proper sine wave is implemented.  A sine
table with 360 entries is generally used
to achieve one-degree resolution. The
table can be lengthened to 600 entries to
avoid index computations due to rollover
of the angle.  A carrier frequency in the
range of 12-20 kHz is used, depending
on the computation time required for
interrupt processing.  For example, the
total interrupt processing time available
at 12 kHz frequency is 83µs, while at 
20 kHz frequency it is 50µs.  The
optimum carrier frequency allows suffi-
cient bandwidth for handling interrupts
and other system control tasks.  Note
that the value loaded into the dead-time
register depends on the characteristics
of the power MOSFET or IGBT driving
the motor coils. Generally, the dead time
ranges between 2 and 3µs.  

TIOC3B

TIOC3D

TIOC4A

TIOC4C

TIOC4B

TIOC4D

Channel 3

Channel 4

 TGR3A

TGR3B

TGR4A

TGR4B

U-phase PWM 
output

Carrier cycle

Voltage command value
(U,V,W-phase)

V-phase PWM 
output

W-phase PWM 
output

Offset = dead time

Dead-time

Figure 8a. MTU channels 3 and 4 create six independent 
pwm signals that can be used to generate three sine waves 

with dead time.
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A key feature of the MTU in
SuperH devices is that it allows analog-
to-digital (A/D or ADC) conversions to be
triggered at the peak or the valley during
the counting process for channels 3 and
4.  This is shown in figure 8b.  In a tradi-
tional BLDC controller implementation
with two current transducers mounted on
the high side, currents are measured at
the peak in the pwm cycle.  Thus, two
A/D conversions are triggered during the
complimentary pwm generation by
channels 3 and 4.  

The MTU also allows triggering of
delayed A/D conversions for channels 0,
3 and 4.  The delayed counts are loaded
into a register for each channel.  This is
the capability that enabled us to create
our method of One-Shunt Current
Detection (OSCD). Using the MTU, it is
possible to measure two independent
currents in a given pwm cycle.  In figure
8c, we show how the two special values
for delayed triggering necessary for
current measurements are determined.
Processing performed during the
interrupt calculates three pwm values,
upwm, vpwm and wpwm.  

If we assume that these three
values are as shown in the figure 8c,
then upwm is smallest value, wpwm is
largest value, and vpwm is a middle
value.  When ∆t1 is set between wpwm
and vpwm, ADC1 will measure the
current passing through the high side of
the w coil, since that is the only high-side
IGBT that is ON.  When ∆t2 is set
between upwm, and vpwm , ADC2 will
measure high-side currents in the v and
w coils.  Because the sum of all high-side
currents is zero, measurements of the v
and w currents yield the value of the u
current.  Thus, two distinct coil drive
currents are measured by this method.  

During both conversions, the low-
side resistor is used to measure the
currents in the stator coils.  Because the
currents are measured at precise times
using the known pwm values for the u, v
and w coils, distinct current values are
captured.  From this data, the firmware
must reconstruct the currents properly
and then apply their values in a closed-
loop control program.  

ADC start signal

@ peak or valley

Delayed ADC start

Start A/D conversion after
certain time delay

Peak

Valley

For channels 0, 3 and 4

 t

Figure 8b. MTU channels 0, 3 and 4 can issue ADC start
triggers at peak or valley or on a delayed count.

U phase

V phase

W phase

Carrier wave

ADC1 trigger

ADC2 trigger

AD conversion

timing

W phase current

U phase current

Figure 8c. ∆t1 and ∆t2 are set so that ADC1
measures w current and ADC2 measures u current.
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We want to point out here
several design issues that apply to the
coil drive current measurements made
using this method.

1. Each A/D channel must have its
own sample-and-hold circuit.
Otherwise, two conversions cannot
be performed in a short enough
time.  

2. The difference between two pwm
counts must be sufficiently large.
As figure 9 shows, when the u and
w phases are far apart, there is suf-
ficient time to do a current measure-
ment. However, when the u and w
pwm values are close together,
there isn't.  We call the condition in
which there is not enough time, the
“Undetectable Zone.”  Observe that
as the pwm values change, this 
zone also changes.  During the
Undetectable Zone, current meas-
urements are not accurate.
Therefore no measurements are
made; i.e., they are dropped.  This
is one of the reasons why the
currents must be reconstructed
properly.  To emphasize, during one
sine wave, current measurements
have to be dropped whenever there
isn't sufficient time to perform a
complete, clean current measure-
ment.  

3. The number of measurements that
must be dropped depends on the
carrier frequency.  If that frequency
is high — say 20 kHz — then many
measurements are dropped.  If the

carrier frequency is low (about 
10 kHz), then fewer measurements
have to be dropped.  A carrier
frequency of about 4 kHz seems to
limit the dropouts to an acceptable
number, allowing adequate recon-
struction of the coil currents.  

4. The algorithm that sets the ∆t1 and
∆t2 times could be complicated if a
d-q frame to u, v, w frame transfor-
mation is used to compute pwm
values.  If pure sinusoidal modula-
tion is implemented, then the
symmetry of the six space-vector
regions can be used to reduce the
necessary computations.  For
example, when the angle is
between 30 and 90 degrees, upwm
has the largest count, vpwm has the
middle value, and wpwm has the
smallest count.  So, it is easier to
set six case statements to set ∆t1
and ∆t2 values.  

5. Finally, external hardware circuits
and internal software filters may be
needed before any current meas-
urements can be used in closed-
loop algorithms.   

U phase

V phase

W phase

Carrier

Figure 9. Detectable and undetectable zones for one shunt.

Undetectable
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Figure 10 illustrates the design we
implemented: a closed-loop control
algorithm that uses two current measure-
ments performed via the one-shunt
current detection method.  Two current
measurements are transformed into the
d-q frame.  Using these id and iq currents
and the last u, v and w pwm values, this
method estimates the error in the speed
of the BLDC motor.  After applying pro-
portional gain (PG), the estimated error
is added into the reference speed, which
is integrated to get the angle value.  

The voltage calculations are
based on the measured iq current and
given id* and iq* currents from the speed
set-up value.  Voltage commands along
the d and q axes are output from the
voltage calculation module.  Using the
angle value and sine and cosine tables,
the d-q voltages are transformed into the
u, v, w reference frame.  Finally, the pwm

values are computed from these three u,
v and w voltages.  We have implement-
ed this algorithm for diverse appliance
compressor applications.  

Our control algorithm differs from
the vector-control algorithm in many
ways.  In the vector control method,
three regulators are used: one speed
regulator and two current regulators.
Because the 180-degree sine wave
modulation approach doesn't have
position-sensor inputs, we must
generate an estimate of the rotor position
based on the currents measured via the
OSCD method.  Instead of regulators,
we use a simple method of voltage 
calculations and a much simpler method
of integrating the angle.  These differ-
ences enable our control method to
achieve shorter computation times and
use a much higher carrier frequency than
traditional methods.  

Figure 10. Type A1 closed-loop BLDC motor controller. 

 r
*

+
-

1

1+ T rs

Iq
*

+

+

V qc
*

Id
*

V dc
*

Voltage

Calculation

dq

3 φ
PWM

Inverter

PMSM

dq

3 φ

PG

1

s

P

2

 

ω 1
*

θdc

v u
*,v v

*,v w
*

6

Iu

Iw

Idc

Iqc

1

ω 1

0

Only two adjustment parts 

PG:Proportional Gain

GND

OSCD 
Current

Reconst

Error

Estimator

∆ ω

∆ θ

1

2

3



Yashvant Jani
Renesas Technology America

Page 14

4.0  RESULTS

Tests of our Type A1 controller in
refrigerator and compressor applications
have been very successful.  As shown in
figure 11, our control approach exceeds
or highly satisfies five of our eight per-
formance criteria.  Results for the other
three criteria need further investigation.  

For high-speed drive (criterion 1)
and torque accuracy at high speeds
(criterion 5), our BLDC controller
exceeds the performance requirements
of home appliance compressor applica-
tions.  For large torque at low speed
(criteria 2), large torque at high speed
(criteria 3), and efficiency (criteria 7), our
controller meets the requirements.  For
the other criteria, the performance is less
than the requirements.  The torque
accuracy at low speed (criteria 4) is not
very important for compressors, so the
reduced performance is acceptable.

There is a greater shortfall in meeting the
response requirement (criterion 6), yet
the overall response needed is only 40
percent of that of the vector control
method.  Therefore, the response per-
formance obtained is still acceptable.
However, the requirement for low noise
(criterion 8) is very important for home
appliances and our controller design is
somewhat too noisy.  We are now inves-
tigating ways to get better noise perform-
ance.  Overall, though, it is our opinion
that our Type A1 controller satisfies most
of the requirements for compressor
applications.  

It is very instructive to compare
the performance of our 180-degree sen-
sorless control method with that of the
120-degree sensorless control approach
typically used today in cost-sensitive
markets for white goods and home appli-
ances.  As shown in figure 12, the Type
A1 controller improves in all areas
except one.  In particular, our 180-
degree approach offers more perform-

(1) High speed drive

(2) Large torque
 at low speed

(3) Large torque
 at high speed

(4) Torque
accuracy

at low speed
(5) Torque 
 accuracy at
high speed

(6) Response (7) Efficiency

(8) Low noise

Type A1

Compressor 
Requirement

Figure 11. Performance of type A1 controller vs.
the compressor requirements.

(1) High speed drive

(2) Large torque
at low speed

(3) Large torque
at high speed

(4) Torque 
accuracy

at low speed

(5) Torque 
accuracy

at high speed

(6) Response

(7) Efficiency

(8) Low noise

Type A1

120 Deg
Control

Figure 12. Type A1 control method improves performance in
all criteria except one: torque accuracy at low speeds. 

This criterion has very low importance for compressors. 
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ance for criteria 1, 3, 5, 7 and 8.  For the
criteria of efficiency, low noise and 
high-speed drive,  the improvement is
significant and noticeable.  For torque
accuracy at low speeds, the Type A1
BLDC motor controller provides less 
performance than a 120-degree design.
However, compressor applications don't
require much torque accuracy at low
speed and the performance of the 
120-degree method is also so small that
this deficiency is acceptable.  Simply put,
compressors generally do not run at slow
speeds, so there isn't much need for
good low-speed torque accuracy.  

In Table 1, we have compared our
180-degree Type A1 motor controller
with its performance requirements 
and also with the performance of the
120-degree control method.  Notice that
we have been successful in our objective
of making gains in the areas of efficiency
and low noise.  

5.0  SUMMARY & FUTURE ACTIVITY

We have developed a technique
for current measurements with a 
low-side DC bus shunt resistor.  This
technique is very cost effective and
reduces the overall BOM for implement-
ing BLDC motor controllers for compres-
sors for home appliances.  In our devel-
opment work, we experimented with
several carrier frequencies, found the
undetectable zones, and discovered how
to properly reconstruct the current meas-
urements.  

As a result, we have created a
new Type A1 motor controller that uses
two current measurements and an esti-
mation of motor speed.  This control
method uses one-shunt current
detection and performs speed control
efficiently.  Our 180-degree sensorless
control method satisfies or improves the

Table 1.  Comparison of Type A1 with 120 Deg control and performance requirements

Criteria RQMTS
Type A1  

control Comments
120 deg 
control 

Comments 
for A1

High-speed drive 3.5 5 Exceeds 3 Better

Large torque at low 
speed 1 1 Meets 1 Same

Large torque at high 
speed 3.5 3.5 Meets 3 Better

Torque accuracy at  

low speed  1 0 .5 < 1 Less

Torque accuracy at  

high speed 2.5 3.5 Exceeds 3 Better

Response 2 1 < 1 Same

Efficiency 5 5 Meets 3 Better

Low noise 4.5 3 < 1 Better
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performance required for appliance com-
pressors.  It achieves better performance
in five areas than designs that use the
120-degree sensorless control method.
Our objectives of obtaining improved effi-
ciency and greater high speed torque
have been achieved.  Moreover, the
superiority of our Type A1 control can be
attained with implementations that meet
tight cost targets for competitive
consumer markets.  

Two future activities are planned.
We will investigate enhancements to the
OSCD method and explore ways to
further reduce the noise of compressor
operation.  
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