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ABSTRACT This paper proposes the solution for decreasing of the reciprocating compressor noise and
vibrations, which happens at stoppage. These vibrations and resulting noise are caused by the gas pressure
in the cylinder, which impacts the compressor’s piston and can reverse the motor at stoppage. To avoid this
situation the motor must be stopped, when the gas is not pressurized, i.e., at the desired mechanical position,
however motor is not equipped with a mechanical position sensor as the control system utilizes an electrical
speed and position estimator. As a rule, it is impossible to estimate the mechanical position using an electrical
position, however it has been noticed that at low speeds a detrimental feature of reciprocating compressors –
varying load torque can help identify the mechanical position. Load torque impacts the quadrature current,
making it oscillate at the mechanical frequency of the motor, so this mechanical frequency and position can
be estimated using a Phased Locked Loop (PLL) algorithm, applied to the quadrature current.

INDEX TERMS Compressors, frequency estimation, permanent magnet motors, phase locked loops, position
estimation, predictive control.

I. INTRODUCTION
On the one hand, a quiet working and living environment is
very important to people, however with the rise of the spec-
trum and variety of available modern day home appliances
and the increase in their power, noise pollution is becom-
ing stronger and stronger. Subsequently the number of com-
plaints regarding noise from household electrical appliances
is increasing rapidly [1]. Nowadays customers consider sound
comfort in their homes to be of importance, so noise levels
have become extremely important when selecting a home
appliance.

On the other hand, national standards of sound radiation are
getting tougher and tougher. For this reasons, manufactures of
home appliances pay a lot of attention to the noise emissions
of their devices and wage a war on every decibel [2]–[6].

This paper describes the problems and solutions when a
previously developed reciprocating compressor drive, which
had been successfully put into Mass Production (MP), was
found to be faulty. This compressor drive has been used in
refrigerators and air conditioners, all of which successfully
passed all necessary certifications and had been put into MP.
However, when the developed drive was used in a refrigerator,
where the compressor is mounted at the top, the device did
not pass the acoustic test. Numerous experiments showed that

FIGURE 1. Compressor acoustic noise at operation without controlled
stoppage.

at that moment, when drive stopped, the compressor pro-
duced unpleasant noises with a probability of approximately
60% and stopped relatively silently in the other 40%. Typi-
cal acoustic profile of compressor operation and stoppage is
shown in Fig. 1. Furthermore, due to the top placement of
the compressor, its vibrations were amplified by the frame of
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the refrigerator, resulting in loud and unpleasant noises lasting
for 1–2 seconds. Thus, the problem which was not significant
for the bottom-mounted compressors, became critical for the
top-mounted appliances.

Taking into account the fact that this problem related to the
MP drives, all hardware modifications were unwelcome and
the target of this research was to improve noise characteris-
tics of the reciprocating compressor drive only by means of
software methods without any modification to the developed
hardware. Furthermore, due to the high utilization of the mi-
crocontroller, the proposed algorithm could not be calculation
intensive and also could not use a lot of memory.

In this work we studied methods used for decreasing of
compressor noises, and tried to use them in our case. However
results were unsatisfactory and we had to go furhter and to find
root cause of the noises and method for improvement. These
results are discussed in Section II.

Our detailed study showed, that the noises occurred at
stoppage of compressors were caused by the gas pressured
in the cylinder, which impacted the compressor’s piston and
reversed the motor at stoppage. Therefore, the potential en-
ergy of the pressurized gas turned into kinetic energy of the
piston, and then into the counter torque. This torque was
applied to the stator of motor, and then transferred through
the compressor shell and mounting points to the frame of
refrigerator, which produced unpleasant noise.

After that, we studied the cases, when compressor stopped
silently, and found that reversed rotation did not happen, if
the stoppage was started at the certain range of piston po-
sitions. Therefore, the unpleasant noises at the stoppage of
compressor can be eliminated if the stoppage started at the
proper position of the piston. However, for this purpose, we
need information on the mechanical position of the motor,
which typically can be obtained from any position encoder. At
the same time, electric motors of modern compressors are not
equipped with position encoders and use sensorless position
estimation techniques, which estimate only electrical position
of the rotor. If motor has more than one pole pair, mechanical
position cannot be obtained from electrical position because
electrical position in terms of mechanical degrees is: (360
mod p), where p is number of pole pairs. Thuswise, special
algorithm for estimation of the mechanical position must be
involved, and problem of silent stoppage is decomposed into
two tasks: estimation of the mechanical position of the rotor
and definition of the best position to start stoppage.

Unfortunately tracking of the mechanical position was and
is not a popular problem and merely a few papers describe the
topic. Authors in [7]–[11] proposed monitoring of the load
torque for better control of the commutation points. Papers
[12], [13] suggest performing tracking of the load, decreasing
the energy consumption of reciprocating compressors. They
utilized the electrical position in order to calculate mechan-
ical position and used the quadrature current to find phase
shift between them. Authors in [14] enhanced a conventional
system with an accelerometer in order to detect load varia-
tion and track load torque, however it was not suitable for

FIGURE 2. Reciprocating compressor.

proposed task since it needed additional hardware. Paper [15]
proposes design modifications of the IPMSM rotor, which
makes detection of the mechanical angle possible. Authors of
[16] paid attention to the reduction of the speed ripple due
to load variation over mechanical revolution and suggested
utilizing Proportional-Resonant (PR) controller to regulate iq.
There are two US patents [17] and [18], which track maxi-
mum of the pressure in cylinder to detect starting of discharge
phase in compressor operation. This information is used in the
feedback to control the motor. However those reciprocating
compressors are equipped with linear motors, and these ideas
and control schemes are not suitable for our problem.

After a detailed analysis of the published researches it was
concluded that they could not be utilized for resource saving
and time effective tracking of mechanical position, so new
algorithm had to be developed.

II. EXISTING METHODS
When starting to solve this problem, previous researches and
conventional approach were examined and analyzed.

A. MECHANICAL MODIFICATION
The easiest way to solve noise and vibration problem is minor
modification of mechanical part, i.e., changing of dampers to
shift resonant frequencies of the whole mechanical system.
Typically, refrigerator compressor is mounted on the rubber
grommets, Fig. 2, which partly absorb energy of vibrations
and decrease vibrations transferred to the frame of refrigera-
tor.

We tried to use different grommets, which differ by the
shape and material, but the results were no good. Typical
acoustic profile obtained for grommets of the same shape as
used before, but softer material is shown in Fig. 3. It is clearly
seen that noise peak at the stop of the compressor decreased,
but did not disappeared completely. At the same time peak
length increased, which is undesired. Therefore, this approach
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FIGURE 3. Compressor acoustic noise with modified grommets.

FIGURE 4. Calculation of the delay time.

could not solve the problem, so we had to try other methods
to eliminate undesired vibrations.

B. SPEED PROFILING AT BRAKING
Engineers of one of Japanese corporations faced with the sim-
ilar problem, when developing vehicle air conditioner. They
proposed solution to decrease unpleasant compressor noise
at stoppage, which is described in two US patents [8] and
[9]. Authors of those patents proposed not to stop compressor
immediately after receiving command to stop. They suggested
to decrease compressor operational speed smoothly and only
after that to turn off the motor. They claimed several similar
methods to create speed profile at stoppage, and the most
interesting of them will be discussed here.

In the first method, when command to stop is received,
a delay time T1 is calculated from the map stored in the
microcontroller as shown in the Fig. 4. This map represents
the relationship between the blower (a fan cooling evaporator)
level and the delay time T1, This delay time may also be varied
depending on whether the engine is on or off. After that the
inverter decreases compressor speed at the maximum rate of
change and turns it off, when time T1, passes, Fig. 5.

In the second method authors proposed to use compressor
stop pressure difference �P0 (between suction and discharge
pressure) as a criterion to stop the motor of compressor. When

FIGURE 5. Speed profile at stoppage.

FIGURE 6. Calculation of compressor stop pressure difference.

FIGURE 7. Speed profile at stoppage.

command to stop is received, a stop pressure difference �P0

is calculated from the map stored in the microcontroller as
shown in the Fig. 6. This map represents the relationship
between the blower level and the stop pressure difference
�P0, and may also be varied depending on whether the engine
is on or off. After that the inverter decreases compressor speed
at the maximum rate of change and turns it off, when stop
pressure difference �P0 is reached, Fig. 7.

Third approach suggests using of compressor stopping
speed of operation as a criterion to turn it off. When command
to stop is received, a compressor stopping speed of operation
NC0 is calculated from the map stored in the microcontroller
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FIGURE 8. Calculation of compressor stopping speed of rotation.

FIGURE 9. Speed profile at stoppage.

as shown in the Fig. 8. This map represents the relation-
ship between the blower level and the compressor stopping
speed of operation NC0, and may also be varied depending
on whether the engine is on or off. After that the inverter
decreases compressor speed at the maximum rate of change
and turns it off, when its speed reaches compressor stopping
speed of operation NC0, Fig. 9.

Unfortunately, authors claimed in the patents only general
idea without any details. In the first method, they propose
braking with maximum possible deceleration, however it is
not clear how to handle the case, when delay time T1 is long
enough and zero speed can be reached before time passes.
They also do not explain how to make dependence of delay
time on the blower level, which is key component of this
algorithm. We implemented this algorithm and used different
values of T1, but results were unsatisfactory for all values.

Same problems are present in the second method. The
method of obtaining the dependence of the compressor stop
pressure difference �P0 on the blower level is incompre-
hensible. Furthermore using pressure as a control variable
needs additional pressure sensor, which increase price and
decreases reliability of the total system. At the same time,
the dependence of pressure difference on compressor speed
is not described, and authors do not explain how to handle the
case, when maximum speed deceleration rate is high enough
and zero speed can be reached before pressure difference
decreases to target value �P0.

Third method seems to be the most practicable, since pro-
posed speed profile is easy to implement and proposed algo-
rithm does not need additional sensors. However it is still un-
clear how to specify dependence of the compressor stopping
speed of rotation on the blower level. Compressor noise at
stopping depends on the pressure difference and authors do
not explain how to connect in with compressor speed. This
dependence is not simple, especially if dynamic modes of
operation are considered.

Authors of [8] and [9] also claimed that moving vehicle
produces noises, which level depends on the speed and engine
operation and that produced noises grow up with the speed
increase. So compressor noises may not be eliminated com-
pletely, they just must be decreased to be lower than vehicle
noises. It is useful note, which simplifies design of vehicle
compressor control, but cannot be used in living appliances.

III. PRINCIPLE OF OPERATION OF RECIPROCATING
COMPRESSOR
After target definition the author studied detailed reason for
the noise emitted at stopping, which revealed to be closely
connected the nature of the reciprocating compressor. Before
any further explanation, the principle of operation of the re-
ciprocating compressor must be explained.

The structure of the reciprocating compressor is shown in
Fig. 10. It consists of a piston moving inside the cylinder by
means of the connecting rod and crankshaft connected to the
motor. Such mechanical system converts the rotational motion
of the motor into the reciprocating motion of the piston. The
cylinder is equipped with two valves: a suction valve for
drawing refrigerant gas into cylinder and a discharge valve
for delivery of the pressed gas.

The different stages of compressor operation are shown in
Fig. 10. Let us suppose that initially the piston is at the top
position of cylinder, which is called Top Dead Center (TDC).
At this position, refrigerant gas has already been pressed and
delivered via the discharge valve, Fig. 10, Stage I. Discharge
valve is opened, pressure in cylinder PC is greater than dis-
charge pressure PD. From this position, piston starts moving
to the bottom of cylinder, PC decreases, and discharge valve
closes. However the pressure in the cylinder is higher than the
suction pressure PS , therefore the suction valve is still closed,
Fig. 10, Stage II. When the pressure in the cylinder becomes
less than PS , the suction valve opens and refrigerant from the
suction pipe is deposited inside the cylinder, Fig. 10, Stage III.
The piston continues its movement until it reaches the bottom
of the cylinder, which is called Bottom Dead Center (BDC),
and refrigerant continues being deposited into the cylinder via
the suction valve, Fig. 10, Stage IV. After reaching BDC, the
piston starts moving to the opposite direction compressing
gas in the cylinder. Pressure in the cylinder increases, the
suction valve closes, however PC is less than PD, therefore
the discharge valve is still closed, Fig. 10, Stage V. When the
pressure inside the cylinder reaches more than the discharge
pressure, the discharge valve opens, delivering compressed
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FIGURE 10. Stages of the operation of reciprocating compressor.

gas to the discharge line, Fig. 10, Stage VI. Thereafter, the pis-
ton reaches TDC, where compressed gas inside the cylinder is
ejected and next cycle starts. Each revolution of the crankshaft
produces one suction and one discharge stroke, as described in
stages I–VI.

When the piston reaches TDC position it does not come
in contact with the cylinder, thus there is space the between
piston and top of the cylinder, which is called clearance.

FIGURE 11. Reciprocating compressor load torque.

The volume of the cylinder corresponding to the clearance
is called clearance volume of the compressor. This volume
decreases the performance of the compressor as some portions
of the pressured gas are not discharged; and because gas in the
clearance volume expands at the suction stroke, less gas can
be injected. However, clearance is required to keep the piston
from striking the top of cylinder and for the normal operation
of suction and discharge valves. The typical clearance volume
is 4–30%.

It should be noted that the direction of motor rotation is
not important for gas pressuring, but it impacts on the proper
operation of the oil lift – a helix channel carved on the shaft
and designed to supply oil from the bottom of compressor to
moving parts at the top.

The load torque of the reciprocating compressor is shown
in the Fig. 11. It is drawn in per–units, where the base unit
corresponds with the average torque over revolution. Small
negative peak corresponds to the expansion of the pressed
gas in the clearance volume and large positive peak indicates
the compression of the gas in the cylinder. The values of
these peaks strongly depend on the compressor design, but
generally negative peak is (0.5–1) p.u. and positive peak is
(5–8) p.u.

IV. CONTROL SYSTEM
The control system used to operate the compressor is similar
to the control systems utilized in other appliances [19]–[25]
and is shown in Fig. 12. It drives the Interior Permanent Mag-
net Synchronous Motor (IPMSM) with sensorless control,
which has almost become a standard in compressor applica-
tions. The performance of the sensorless estimation algorithm
was verified at the dynamo test jig, and it showed that esti-
mation algorithm perfectly operates at the speeds over 10 Hz
with maximum error less than five electrical degrees. The
motor of the compressor is driven by a three-phase inverter,
which is based on the “ST Microelectronics” STGIPN3H60
(3 A/600 V) small low-loss intelligent molded module, which
contains six MOSFETs and gating circuits. It was designed to
be supplied from a standard 220 V (50 – 60) Hz source. The
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FIGURE 12. Control scheme of the reciprocating compressor drive for refrigerator.

control system is built on the base of a 60 MIPS Cortex-M3
microcontroller, which controls the inverter with 4 kHz PWM.
Electrical signals are sensed by the DC-link voltage sensor
and two current sensors [23], which are converted by 12-bit
ADC of microcontroller with a sampling time of 250 μs.

The compressor drive uses open-loop starting and accel-
eration with instantaneous closing, which was described in
detail in [24]–[27]. Due to the mechanical requirements of
the compressor, it operates in oil pumping mode straight after
starting, where the motor accelerates to 1800 rpm and runs at
that speed for 20 seconds. This time is enough to supply and
spread oil from the bottom of the compressor to moving parts
at the top.

Control system used for this drive is conventional sensor-
less vector control with some modifications. It has an outer
speed loop and two inner current loops in dq frame, where
speed for the feedback and electrical position for phase trans-
formations are provided by the sensorless estimator.

The control system contains a field-weakening controller
used to increase the maximum speed up to 30% of the rated
speed by weakening the rotor magnetic field with direct axis
current id .

Motor drive also involves Maximum Torque Per Ampere
(MTPA) block for the full utilization of the motor potential.
This block is fed with stator current from the speed controller
and decomposes it into direct and quadrature currents to pro-
vide highest possible torque, which is sum of active torque
due to the rotor’s field and reactive torque due to the magnetic
asymmetry along direct and quadrature axes.

The received commanded speed is passed through the S-
shaped reference limiter, which limits the maximum accelera-
tion and deceleration at 1 Hz/s2.

For better stability of the control algorithms and better
utilization of input voltage cut-off frequencies of speed and
current PI-controllers were selected as low as possible and
dynamically vary with the change of operational speed. For
this reason, motor currents and torque rise only twice at the
point of maximum load, whereas load torque increases ap-
proximately seven times, Fig. 11. The price of such adjust-
ment is motor speed variation over mechanical revolution up
to 50 rpm, which is not critical for the compressor operation.

V. PROPOSED ALGORITHM
As it is seen from the review of previous arts, there are not
so many ideas in this area. Several proposed methods are not
suitable for the refrigerator compressor so new method must
be proposed.

After detailed analysis of the problem author concluded
that in the developed system braking started in the moment of
receiving of command to stop, which happened in the random
position of the compressor motor. Moreover, if 40% of brak-
ing were successful, there was a specific position or sector,
where if braking was initiated it produced no noise. Therefore,
the problem could be solved by estimation of mechanical
position and definition of silent position to start braking.

This task is simple, when the drive is equipped with a po-
sition encoder, but could be a problem for sensorless system.
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FIGURE 13. PLL structure.

FIGURE 14. HPF implementation.

Position estimators used for the control estimate only elec-
trical position, which is not enough, so additional estimation
technique must be developed.

When testing reciprocating compressors author noticed that
phase current contains oscillation with a mechanical fre-
quency ωm, which is p times less than electrical frequency,
where p is number of motor pole pairs. The amplitude of
the current oscillation increases at lower speed, and becomes
almost negligible at higher speed. Therefore, this harmonic
of the current can be filtered and used for the estimation of
mechanical position.

For this purpose, author proposed to utilize simple Phase
Locked Loop (PLL) controller shown in Fig. 13. It was de-
signed to detect the frequency and phase of the quadrature
current, of which the type was expected to be:

A (t ) = A0 + Am sin (ωmt ) , (1)

where A0 is direct component of the signal, Am is amplitude
of the harmonic at ωm.

The PLL controller contains a High-Pass Filter (HPF) for
removing the direct component, which was implemented uti-
lizing first order Low-Pass Filter (LPF) as shown in the
Fig. 14. As LPF was already implemented and utilized in the
control system, HPF implementation was simple and did not
need additional resources. The cut-off frequency of the filter
can be selected as mechanical frequency ωm.

Taking into account the fact that mechanical frequency of
the motor could be obtained using electrical frequency, it was
advantageous to involve this signal and increase stability of
the PLL. After this modification, PLL controller estimated
only the speed variation around its average value, so controller
gains could be decreased making it more stable. The Modified
PLL controller is shown in Fig. 15.

FIGURE 15. Modified PLL structure.

TABLE I Experimental Motor Parameters

The design of the PLL PI controller can be made according
to [28] and [29] for the systems where signal frequency is
known and only phase must be estimated.

As earlier stated, the cut-off frequency of the speed con-
troller was selected as low as possible, so that the motor
current does not vary significantly with load torque variations.
Furthermore at higher speeds, the mechanical system has a
higher kinetic energy, which is proportional to the squared
speed. It helps the compressor to pass the point of maximum
load with lower speed reduction, so the quadrature current
variation over mechanical revolution decreases, which makes
it difficult to detect its oscillation at the mechanical frequency.
For this reason, when command to stop is received, motor
speed must be decreased to the minimum, where quadrature
current oscillation becomes more pronounced, and after that
PLL algorithm can be started.

VI. EXPERIMENTAL RESULTS
Feasibility of the proposed method has been verified utilizing
a standard compressor with IPMSM, which parameters are
given in the Table I. The inverter board used to control the
compressor, remained the same as before, but its software
had to be enhanced with the developed compressor stopping
algorithm, based on the proposed PLL scheme. The test jig
used for the algorithm development and verification is shown
in Fig. 16.

As stated earlier, after receiving the command to stop, mo-
tor speed must be decreased to the value, where the quadra-
ture current harmonic due to load variation can be easily
detected. This speed is compromise between amplitude of
harmonic and stable operation of the compressor. Our exper-
iments showed that for used equipment 1200 rpm is the best
choice. Fig. 17 demonstrates motor phase current at 1200 rpm
and it can be seen that current contains significant harmonic at
the frequency trice less than current frequency. This harmonic
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FIGURE 16. Experimental set-up.

FIGURE 17. Phase current at 1200 rpm.

FIGURE 18. Quadrature current and its first harmonic at 1200 rpm.

contains information on the mechanical position of the rotor,
so it can be used for estimation. Fig. 18 shows quadrature
current with its harmonic at mechanical frequency. It can be
clearly seen that current variation due to the load is strongly
pronounced and easily detectable.

Thereafter, when stoppage was started, the speed was ini-
tially decreased to 1200 rpm, and motor continued operation
at this speed. When the motor reached 1200 rpm, PLL algo-
rithm was executed, using iq as input signal and the motor
continued operating at that speed for two seconds. During

FIGURE 19. Estimated mechanical and electrical positions at 1200 rpm.

FIGURE 20. Error of the estimated mechanical position.

this time the PLL algorithm stabilized its operation, detected
mechanical frequency and position of the rotor and piston.

Fig. 19 shows electrical angle provided by the estimator
and mechanical position estimated by the PLL. It can be seen
that the electrical position was changing three times faster
than mechanical position (since motor has three pole pairs)
and that mechanical position had angle shift of �ϕ. This
appeared because mechanical position was estimated by the
load harmonic of quadrature current, which was shifted due
to the dynamic torque. This angle difference was about 10°
at maximum and could be easily corrected, if we needed to
ascertain the exact mechanical position. However, it was not
necessary in our application as we only needed to know the
point at which the motor had to start braking. Error of the
estimated mechanical position is depicted in Fig. 20.

The next step was detection of the optimal mechanical
position to stop. This experiment was divided into two parts
for speeding-up the test and decreasing of usage time of the
silent chamber for acoustic measurements. In the first step,
we roughly evaluated sectors with low vibrations at stoppage
and at the second step, we thorough measured vibrations in
the selected areas.

Firstly, we stopped the compressor at different positions
with the step of 30 degrees, roughly evaluating quality of
the braking using fingers touching the compressor and feeling
vibrations. It allowed to detect strong vibrations at stoppage
and exclude such cases from the detailed study.
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FIGURE 21. Compressor acoustic noise at operation with controlled stop.

The test was performed at 25%, 50%, 75% and 100% of the
rated load, but results of these attempts were the same. Three
positions of 0°, 30° and 60° were relatively silent, so position
range of [−15°..75°] was planned for the detailed exploration
using special equipment.

In the second part of the test, the selected sector was
checked with the step of 5 degrees and the acoustic noises
were measured in the special silent acoustic chamber. The
target of this experiment was to find the most silent point
to start braking. This test was also performed at 25%, 50%,
75% and 100% of the rated load, but no significant difference
in acoustic profiles were detected. The best noise level was
detected, when the compressor braking was started at the
35 degrees position, thus this value was used for the final
setting.

For check of the performance of the tuned control algo-
rithm a series of ten experiments was carried out in four load
modes: 25%, 50%, 75% and 100% of the rated load. In each
experiment compressor operated at the selected load during
five minutes, which was enough for the pressure stabilization,
and then stopped. All experiments showed that noise peak
at the moment of compressor stoppage was eliminated and
algorithm operated as expected. Improved acoustic noise pro-
file of compressor operation and its stop at the rated load is
shown in Fig. 21, where it can be clearly seen that noise peak
at stopping is not present and the compressor is stopped as
desired.

As mentioned earlier, PI-controllers have decreased gains,
so the control system is not very sensitive to load variations,
thus resulting in decreased quadrature current harmonic at the
mechanical frequency, so PLL algorithm cannot detect it at
low loads. Experiments showed that if a load decreased to
15% of the rated load, PLL algorithm failed and compressor
cannot be stopped at the desired position. However, at low
loads, it was not a problem as the gas in the cylinder was not
under high pressure and could not reverse the piston produc-
ing noise and vibrations.

The author understands that a favorable result on the me-
chanical position estimation could be achieved using elec-
trical position for angle calculation and PLL output for the

correction of its phase. Such algorithm can be used in control
schemes, which need precise mechanical position and which
are not limited with resources. However, the main target of our
research was to develop algorithm, which is not calculation
intensive and can be executed at the currently using inverter
board. Therefore, for the purpose of algorithm simplification
we excluded unnecessary elements and decreased precision.

VII. CONCLUSION
This paper describes noise and vibration problem happened at
the stoppage of reciprocating compressor, when pressurized
in the cylinder gas reverses the piston. Author analyzes reason
of the problem, explains operation of the reciprocating com-
pressor, shows utilized software and hardware and describes
known methods to solve the problem. Then he proposes so-
lution for the noises elimination, which does not need addi-
tional hardware, and is implemented as additional software
algorithm executed, when command to stop is received.

The experimental results discussed in the paper demon-
strate perfect operation of the proposed method and complete
elimination of the noise and vibration, which happened at the
stoppage of reciprocating compressor.

REFERENCES
[1] Y.-J. Jin, Y. Jin, and H.-Y. Chang, “Sound radiation and sound quality

characteristics of refrigerator noise in real living environments,” Appl.
Acoust., vol. 68, pp. 1118–1134, 2007.

[2] J. Guo, J. Luo, Y. Guo, X. Pan, X. Fang, and X. Wu, “Noise test and
control for household refrigerator compressor,” in Proc. IEEE Int. Conf.
Inf. Autom., 2015, pp. 112–115.

[3] J. Tao et al., “Numerical analysis of noise radiation of compressor shell
considering lubrication oil,” in Proc. Int. Conf. Mechatronics Autom.,
2006, pp. 1398–1402.

[4] S. Hwang, H. Lee, and Y. Jeung, “Influence of magnetic force upon
noise of IPM motor used in compressor,” in Proc. IEEE Int. Magn. Conf.
(INTERMAG), 2006, pp. 315–315.

[5] K. Y. Cho, S. B. Yang, H. W. Kim, and J. C. Kim, “Improving sound
quality of reciprocating compressor using random PWM,” in Proc. 8th
Int. Conf. Power Electron. Variable Speed Drives, 2000, pp. 431–436.

[6] G. Qiang, W. Wei, R. Rongjie, and X. Dianguo, “Design of IMC
controller with anti-saturation for PMSM compressor system,” in Proc.
IEEE Vehicle Power Propulsion Conf., 2008, pp. 1–5.

[7] S.-T. Lee et al., “A novel load variation compensation algorithm in a
sensorless brushless DC motor drive for a reciprocating compressor,” in
Proc. 31st Int. Telecommun. Energy Conf., 2009, pp. 1–4.

[8] Y. Niimi et al., “Vehicle air conditioner with compressor noise reduction
control,” U.S. Patent 5 950 440, Sep. 14, 1999.

[9] M. Oomura, T. Homan, and H. Kishita, “Vehicle air conditioner,” U.S.
Patent 6 931 873 B2, Aug. 23, 2005.

[10] H.-C. Chen, T.-Y Tsai, and C.-K. Huang, “Low-speed performance
comparisons of back-EMF detection circuits with position-dependent
load torque,” Proc. Electric Power Appl., vol. 3, pp. 160–169,
2009.

[11] C.-K. Huang, P.-Y Yu, and H.-C. Chen, “Robust BDCM sensorless
control with position-dependent load torque,” in Proc. IEEE Energy
Convers. Congr. Expo., 2013, pp. 3815–3820.

[12] T. Suzuki and Y. Shimizu, “Pulsating torque control with voltage sup-
pression period for position-dependent load torque applications,” in
Proc. IEEE Energy Convers. Congr. Expo., 2014, pp. 5836–5843.

[13] T. Suzuki et al., “Sensorless vector control suitable for position-
dependent load torque applications,” in Proc. 31st Int. Telecommun.
Energy Conf., 2009, pp. 1–4.

[14] M. Ishida, S. Higuchi, and T. Hori, “Reduction control of mechani-
cal vibration of an induction motor with fluctuated torque load using
repetitive controller,” in Proc. IEEE Int. Conf. Ind. Technol., 1994,
pp. 533–537.

72 VOLUME 1, 2020



[15] Y. Kwon, S. Sul, N. A. Baloch, S. Murakami, and S. Morimoto, “Design
and control of IPMSM sensorless drive for mechanical rotor position
estimation capability,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 2, no. 2, pp. 152–158, Jun. 2014.

[16] G.-H. Shin, J.-S. Lee, and S.-H. Hwang, “Development of a speed ripple
reduction algorithm for an oil cooler compressor,” in Proc. IEEE 3rd
Int. Future Energy Electron. Conf. ECCE Asia, 2017, pp. 2145–2147.

[17] J.-Y. Yoo, C.-W. Lee, and J.-W. Sung, “Apparatus and method for
controlling operation of reciprocating compressor,” U.S. Patent 7 456
592 B2, Nov. 25, 2008.

[18] J.-Y. Yoo, M.-G. Hwang, and C.-W. Lee, “Apparatus for controlling
operation of reciprocating compressor and method thereof,” U.S. Patent
7 459 868 B2, Dec. 2, 2008.

[19] A. Dianov and S.-T. Lee, “Novel IPMSM drive for compact washing
machine,” in Proc. INTELEC 31st Int. Telecommun. Energy Conf.,
2009, pp. 1–7.

[20] A. Dianov, N.-S. Kim, and S.-M. Lim, “Sensorless starting of horizontal
axis washing machines with direct drive,” in Proc. Int. Conf. Elect.
Mach. Syst., 2013, pp. 1–6.

[21] A. Dianov et al., “Substitution of the universal motor drives with elec-
trolytic capacitorless PMSM drives in home appliances,” in Proc. 9th
Int. Conf. Power Electron. ECCE Asia, 2015, pp. 1631–1637.

[22] D. Anton, K. N. Su, and K. Y. Kwan, “Future drives of home appliances:
Elimination of the electrolytic DC-link capacitor in electrical drives for
home appliances,” IEEE Ind. Electron. Mag., vol. 9, no. 3, pp. 10–18,
Sep. 2015.

[23] A. Anuchin, D. Surnin, and M. Lashkevich, “Accuracy analysis of
shunt current sensing by means of delta-sigma modulation in elec-
tric drives,” in Proc. 17th Int. Ural Conf. AC Electric Drives, 2018,
pp. 1–5.

[24] A. Dianov et al., “Sensorless vector controlled drive for reciprocating
compressor,” in Proc. Power Electron. Specialists Conf., 2007, pp. 580–
586.

[25] A. Dianov et al., “Sensorless IPMSM based drive for reciprocating
compressor,” in Proc. 13th Power Electron. Motion Control Conf., 2008,
pp. 1002–1008.

[26] K. Lee, D. Kim, B. Kim, and B. Kwon, “A novel starting method of
the surface permanent-magnet BLDC motors without position sensor
for reciprocating compressor,” IEEE Trans. Ind. Appl., vol. 44, no. 1,
pp. 85–92, Jan.-Feb. 2008.

[27] D. Kim, K. Lee, B. Kim, and B. Kwon, “A novel starting method of
the SPM-type BLDC motors without position sensor for reciprocating
compressor,” in Proc. IEEE Ind. Appl. Conf. 41st IAS Annu. Meeting,
2006, vol. 2, pp. 861–865.

[28] O. V. Nos, E. E. Abramushkina, and S. A. Kharitonov, “Control design
of fast response PLL for FACTS applications,” in Proc. Int. Ural Conf.
Elect. Power Eng., 2019, pp. 301–305.

[29] S. Golestan, M. Monfared, F. D. Freijedo, and J. M. Guerrero, “De-
sign and tuning of a modified power-based PLL for single-phase grid-
connected power conditioning systems,” IEEE Trans. Power Electron.,
vol. 27, no. 8, pp. 3639–3650, Aug. 2012.

ANTON DIANOV (Senior Member, IEEE) re-
ceived the B.Sc. (Hons.), M.Sc. (Hons.), and Ph.D.
degrees in electrical engineering from Moscow
Power Engineering Institute, Moscow, Russia, in
2000, 2002, and 2005, respectively. Since 2005, he
has been a Senior Engineer with Samsung Elec-
tronics, where he develops motor drives for home
appliances. He is the author of more than 30 journal
and conference papers on electrical drives and mo-
tor control. He is the author of several patents on
control algorithms for electrical drives and power

electronics. His research interests are sensorless electrical drives, electrical
drives, and advanced control algorithms. He is a member of editorial board of
several journals on power electronics and electrical drives including Interna-
tional Journal of Power Electronics and Journal of Power Electronics.

VOLUME 1, 2020 73



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


