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Abstract 

 
Recent power electronics and variable-frequency motor drive technologies have been applied to air conditioners to improve 

efficiency and power density. However, the mechanical vibrations and acoustic noise resulting from the compressor still remain as a 
serious problem. This paper presents the development and implementation of an online disturbance state-filter for the suppression of 
multiple unknown and time-varying vibrations of air conditioning systems. The proposed design has a form of the state-filter based 
on a Luenburger-style closed-loop speed observer. An active vibration decoupling strategy with an estimated disturbance is provided, 
which manipulates a motor torque command. Since the proposed estimation does not require any additional transducers or hardware 
for obtaining real-time information upon disturbances, it is suitable for retrofitting industrial air conditioners. 
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I. INTRODUCTION 
 

 Many different types of compressors have been invented 
over the years for air conditioning systems: reciprocating, 
rotary, centrifugal, screw, and scroll compressors [1]. Among 
them, low cost and high efficiency rotary compressors have 
been commonly used in in-room type air conditioners as shown 
in Fig. 1 [1]-[3]. 

In a rotary compressor, the refrigerant is compressed by the 
rotating action of a roller inside a cylinder, as shown in Fig. 2. 
The roller rotates eccentrically (off-centre) around a shaft so 
that part of the roller is always in contact with the inside wall 
of the cylinder. At a certain point in the rotation of the roller, 
the intake port is exposed and a quantity of refrigerant is 
sucked into the cylinder, filling one of the sealed areas. As the 
roller continues to rotate the volume of the area the refrigerant 
occupies is reduced and the refrigerant is compressed. When 
the exhaust valve is exposed, the high-pressure refrigerant 

forces the exhaust valve to open and the refrigerant is released. 
Rotary compressors are efficient because the actions of taking 
in and compressing refrigerant occur simultaneously. However, 
the eccentric rotation of a rotary compressor produces 
significant vibrations and noise that are not allowed in indoor 
environments and may crack the suction pipes by lasting 
pulsations [4], [5]. 

 

 
Fig. 1. Schematic layout of an air conditioner with a rotary 
cylinder compressor. 
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Fig. 2. Rotary compressor operation. 

 

 
Fig. 3. Typical compressor load profiles over one mechanical 
rotation. 

 
Fig. 3 shows a typical rotary compressor torque profile with 

the external load over one mechanical rotation. 
In the last decade, variable-frequency motor drives 

(VFMDs) have made the electrical assist of rotary compressors 
a realistic candidate for energy savings and increased comfort 
[6]. In particular, interior permanent-magnet synchronous 
motors (IPMSMs) have received a great deal of attention in the 
field of compressor drive applications because of their unique 
features, such as high efficiency, high power density, and a 
wide constant power speed range [5], [7]. While most VFMD 
research has been focused on framework improving energy 
savings and designing motor topologies [8-10], vibration 
suppression control techniques have not been discussed to the 
same degree.  
In the academic environments, a few articles are available that 
discuss multivariable feedback control [11] and model 
reference adaptive control [12]. Nevertheless, the industry 
tends to be reluctant to use these modern control 
methodologies due to their relative complexity and small 
performance improvements. 

Resonant controllers [13], [14] have been proposed for 
torque ripple reduction in ac motors as an alternative to more 
complex non-linear regulators. This type of controller provides 
zero steady-state errors at harmonic frequencies due to their 
infinite gain in an open-loop. However, the cut-off frequency 
adaptation and controller gain selection are not trivial as the 
torque ripple amplitude changes with the temperature and load 

conditions. 
Industrial experience has shown that a look-up table-based 

control concept, which can impose the compensation profiles 
matching the compressor torque curves shown in Fig. 3, is 
effective in suppressing mechanical vibrations and increasing 
reliability. Multi-dimensional or numerous look-up tables are 
required to cover the entire fluctuation torque space with the 
load conditions. Therefore, using look-up tables for vibration 
decoupling has some limitations. First, the amount of 
information that needs to be stored is not obvious because of 
the nonlinearity of the curves. In addition, this results in a 
reliance on large memories and time-consuming tests to 
build-up maps. Moreover, heavy dependence on look-up 
tables-based compensation is often undesirable as the profile 
has a time-varying property due to temperature changes and the 
mechanical aging process. 

The major contribution of this paper is the development and 
integration of an online disturbance state-filter for the 
suppression of multiple unknown and time-varying vibrations 
in IPMSM-based variable-frequency air conditioning systems. 
The proposed design has a form of the state-filter based on a 
Luenburger-style closed-loop rotor speed observer. An active 
vibration decoupling strategy with the estimated disturbance is 
provided, where the motor itself acts like a vibration damper. 
The designed state-filter only requires information on the 
system's moment of inertia. State-filter estimation accuracy in 
the presence of the phase lag from the position sensorless 
operation is discussed. A comprehensive collection of 
experiments are used to evaluate and verify the feasibility of 
the presented idea. 

 

II. ANALYSIS AND DESIGN OF STATE-FILTERS FOR 
DISTURBANCE ESTIMATION  

 
 

In frequency-variable air condition systems, a familiar 
proportional-integral (PI) type speed controller drives the 
IPMSM rotor speed rW  to follow a given speed command 

*
rW , as shown in Fig. 4. A torque (or current) controller 

regulates the motor torque eT  that tracks the torque 

command *
eT  based on the current feedback. Here, r

dqV  and 

r
dqI  are the d-q axis stator voltage and current vector in the 

rotor reference frame, respectively, sR  represents the stator 

resistance, rQ  is the electrical rotor angle, pJ  denotes the 

system moment of inertia, TK  is the motor torque constant, 

and ú
û

ù
ê
ë

é -
=

01
10

J . In this paper, the superscript “*” indicates a 

command variable while the symbol “^” is used to denote an 
estimated one. 
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The stator inductance and the magnet flux linkage can be 
defined by: 

ú
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where dqL  represents the d-q axis stator inductance and 

pml  is the flux linkage of the permanent magnet (PM).  

spK and siK  are the PI speed control gains, respectively, and 

cw  is a torque (or current) control bandwidth that is 
sufficiently higher than that of the rotor speed control. The 
cascaded speed-current control scheme is advantageous 
because the bandwidth of each loop can be specified explicitly 
from the inner loop to the outer loop. Here, the load torque 
resulting from the rotary compressor is considered as an 
external disturbance dT , which considerably disturbs the rotor 
speed regulation. The argument (s) indicates that the analysis 
was done in the s-domain. 

 
A. Design and Analysis of Rotor Angle-based State-Filters 

Fig. 5 shows a block diagram of a load torque disturbance 
estimation strategy employing a closed-loop enhanced 
Luenberger-style rotor angle observer [15-16].  

The closed-loop transfer function of the rotor angle 
estimation can be obtained as: 
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where ioK , soK , and ob  represent the observer gains, 

and pĴ  is the estimated inertia used in the observer. Zero lag 

properties can be achieved in the rotor angle estimation 
because the stator current feedback dqI  is fed-forward to the 

observer as the estimated motor torque eT̂  [16]. 
The observer characteristic polynomial of (2), taken from a 
triple eigenvalue, leads to the observer gains as: 

obpo Ĵ3b w-= , 2
obpso Ĵ3K w= ,  

3
obpio ĴK w-=    (3) 
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Fig. 5. Disturbance torque estimation based on rotor angle 
observer. 
 

where obw  is an observer eigenvalue. 

 The rotor angle tracking observer has been also adopted to 

estimate the time-varying disturbance dT̂ , resulting from the 

rotary compressor, at the output of the observer controller, as 
shown in Fig. 5. The transfer function of the disturbance 
estimation is: 
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Fig. 6 is a frequency plot of (4) assuming no parameter 
errors. Here, the closed-loop eigenvalues are set at 500 Hz. 
Unlike the rotor angle observer with zero lag properties, the 
estimation of the disturbance torque has a state-filter trajectory 
with lagging properties.  

It can be seen from Fig. 5 that the disturbance torque is 
estimated from the angle information that is filtered out by the 
double integration. This implies that the rotor speed 
information is more suitable for improving the estimation 
dynamics than the rotor angle information. To make this more 
precise, the rotor speed-based state-filter is examined for 
enhanced disturbance torque estimation. 
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Fig. 4. Control structure of an IPMSM drive in air conditioning systems. 
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Fig. 6. Frequency response of of the disturbance torque estimation 
based on rotor angle observer. 
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Fig. 7. Disturbance torque estimation based on rotor speed 
observer. 
 
 
B. Design and Analysis of Rotor Speed-based State-Filters 

Fig. 7 shows a block diagram of a load torque disturbance 
estimation strategy employing a closed-loop rotor speed 
observer. The closed-loop transfer function of the rotor speed 
observer has a form identical to (2) as: 
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In contrast, the closed-loop transfer function of the rotor 

speed-based state-filter is given by: 
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where the numerator has a 2nd-order term that improves the 
higher frequency estimation accuracy more than that of the 
rotor angle observer. 

Fig. 8 shows the frequency response of the disturbance 
estimation accuracy of the rotor speed-based state-filter. 
Comparing Fig. 6 and Fig. 8 verifies that the rotor speed-based 
state-filter can improve the high frequency disturbance 
estimation. 

By combining (3) and (6), the closed-loop transfer function 

of (6) can be rewritten as: 
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This means that the proposed disturbance estimation is 

completely insensitive to mechanical inertia errors. Thus, 
within the bandwidth of the observer, parameter insensitive 
disturbance torque estimates are available. 

 
C. Considerations of Position Sensorless Operation 

In today’s VFMD air conditioning systems, back-EMF 
tracking-based position sensorless control technology has been 
widely employed for increasing reliability and reducing cost 
[11]. Thus, accurate disturbance identification is precluded due 
to the additional dynamics resulting from the position 
sensorless operation. To investigate the influence of position 
sensorless control on disturbance torque estimation, an 
equivalent speed sensorless block ( )dÐ= )s(H)s(H  is 

inserted between the rotor speed reading channel and the 
observer, as shown in Fig. 9. 

The transfer function of the disturbance is obtained by: 
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Fig. 8. Frequency response of of the disturbance torque estimation 
based on rotor speed observer. 

+ -

+

- +

+ + +
ob

(s)Td

(s)T̂d-

+

s
1

s
1

TK̂

s
1

s
1

(s)rQ(s)rW

(s)ˆ rQ

(s)ˆ rW

TK
(s)Te

(s)T̂e

(s)r
dqV (s)r

dqI

ioK

soK

δH(s)Ð

PJ
1

s
1

s
1

PĴ
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Fig. 9. Rotor speed-based state-filter considering sensorless 
operation. 
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T
KsKsbsĴ
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It can be observed from (8) that the disturbance estimation 
depends on the sensorless control accuracy. At low speeds, the 
foremost inaccuracy of the back-EMF tracking-based 
sensorless control is a result of the phase lag due to the low 
pass filtering process rather than the estimated magnitude error 
[16]. Thus this phase shift effect should be compensated to 
avoid secondary upsets in the proposed estimation 
performance. 

Fig. 10 shows an overall control block diagram of the 
proposed scheme to compensate compressor vibration. Here, 
the estimated disturbance torque in (6) is added to the torque 
command in a feedforward manner, which automatically 
adjusts the effective torque command. Thus this design can be 
effective for accurately estimating and compensating vibrations 
while reducing the computational complexity. 

 
 

III. EXPERIMENTAL RESULTS  
 

The proposed algorithm was implemented on a 7kW rotary 
compressor-type air conditioner, as shown in Fig. 11.  

The two phase current of the position sensorless-controlled 
IPMSM [17], as described in Table I, was sampled at 200 ms 
and the dc link voltage was set to 540 V. The online state-filter 
was performed every 200 ms, and the UV-15 vibration sensors 
from Rion Co. with an accuracy of ±5% were mounted on 
suction pipes to assess the vibration mitigation. The observer 
eigenvalues were set to 500 Hz and the phase lag of the 
sensorless operation was evaluated before start-up and 

compensated with the rotor speed. 
Fig. 12 shows standard test results with the speed feedback 

control alone when the motor is moving at a 1320 r/min speed 
command. From the top, the speed ripple (yellow), the 
electrical angle (red), the A-phase current (blue), and the 
B-phase current (green) are depicted. 

The same test was repeated, under the proposed active 
vibration control, as shown in Fig. 13. Using the online 
compensation scheme, a 58.6% reduction in the root-mean 
square speed ripple can be achieved without using complicated 
look-up tables. 

TABLE I 

RATINGS AND KNOWN PARAMETERS OF 7KW IPMSM 

Ratings and Parameters Value Unit 

Rated torque 10.8 Nm 

Rated speed 3600 r/min 
Number of poles 4  

C25@Rs
o  0.59 W 

dq L/L  14.49/5.465 mH 

pml  0.198 Wb 
 

 
Fig. 11. Air conditioner under testing. 
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Fig. 10. The proposed estimation and compensation approach for active vibration control. 
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An effective torque command fedforward of dT̂  adjusts the 
generated torque that makes the phase current have a distorted 
waveform to reject the estimated disturbance. Hence the 
proposed algorithm anticipates disturbances and so yields 
well-behaved speed responses. 

Fig. 14 illustrates the summarized results in terms of speed 
ripples and vibration measurement tests for both the standard 
feedback control alone and the proposed compensation method. 
It can be seen that a remarkable improvement was achieved 
with the proposed state-filter at low speeds. The compensation 
effect vanishes over a speed of 2100 r/min because the 
mechanical system inertia becomes more dominant in this 
speed region. Thus the active vibration control is suspended 
over a speed of 2100 r/min in the target air conditioning system. 
From this result, it can be concluded that the vibration and the 
acoustic noise of the closed-loop system control are greatly 
improved by the proposed scheme while reducing the 
computational complexity. This is considered to be a very 
significant performance improvement by air conditioning 
system manufacturers. 

900 1100 1300 1500 1700 1900 2100
0

2

4

6

Speed (r/min)

S
pe

ed
 R

ip
pl

e 
(H

z m
ec

h)

 

 

900 1100 1300 1500 1700 1900 2100
0

1

2

3

Speed (r/min)

V
ib

ra
tio

n 
(m

m
)

 

 

Standard control
Active control

Standard control
Active control

 
Fig. 14. Measurement results showing the compensation effect in 
terms of speed ripple and vibration. 

 

IV. CONCLUSIONS 
 

This paper proposes an online disturbance state-filter for the 
suppression of multiple unknown and time-varying vibrations 
of position sensorless-controlled variable-frequency air 
conditioning systems. The proposed design has a form of the 
state-filter based on a closed-loop rotor speed observer. A state 

S peed ripple
B-phase currentElectrical angle
A -phase current

 
Fig. 12. Standard speed control performance. (Speed ripple [120 r/min/div], Electrical angle [3p rad/div], A-phase current [5 A/div], B-phase 
current [5 A/div], Time [20ms/div]). 
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B-phase currentElectrical angle
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Fig. 13. Speed control performance with the proposed active vibration control. (Speed ripple [120 r/min/div], Electrical angle [3p rad/div], 
A-phase current [5 A/div], B-phase current [5 A/div], Time [20ms/div]). 
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observer with speed dependent dynamics is used to estimate 
the load torque disturbance errors. By utilizing frequency 
response plots, the estimation accuracy is analyzed. Based on 
the analysis and measurements, the proposed active control 
was found to be very effective for reducing the decoupling 
noise and vibrations resulting from a rotary compressor without 
requiring any extra sensors. This suggests an accurate 
disturbance rejection methodology that does not sacrifice 
implementation simplicity. The main idea can be extended for 
compensating the unknown torque disturbances of modern ac 
drives. 
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