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Abstract

Various compressors found in appliances such as air conditioners, refrigerators, dehu-
midifiers, etc., are gaining more popularity in different areas, including industry, retail,
consumer electronics, and others. This market is growing fast, attracting numerous manu-
facturers who are closely competing with each other. Simultaneously, the requirements for
compressor drive efficiency and for reducing their carbon footprint are becoming tougher,
which is prompting manufacturers to pay serious attention to this problem. Compressor
drives operate in many modes, and almost all of them have been studied and optimized.
The exception to this is the preheating mode, which is required to warm the lubricating
oil before beginning compressor operations. This mode is rarely used in warm climates;
therefore, previous researchers have ignored it. However, with the spread of compressor
applications into countries with colder climates, the significance of the preheating mode has
increased. This study examines the preheating mode of compressor drives and proposes
several techniques that increase their efficiency by 4.15% and decrease the preheating time
by 3.6 times. Furthermore, the author developed an algorithm that makes the load to the
inverter and motor phases more even, thus increasing the lifespan of compressors and
reducing their carbon footprint.

Keywords: motor drives; permanent magnet motors; inverters; compressors; air conditioners;
refrigerators

1. Introduction

The current world market of home appliances is growing fast [1,2] and reached a value
of USD 700 billion in 2025 [3]; consequently, this market attracts numerous players, which
closely compete with each other to promote their devices and attract customers [4—6]. One
of the key directions for attracting buyers is reducing energy consumption [7,8], which
saves energy [9-11], decreases CO, emissions [12], and cuts electricity bills [13]. Moreover,
national efficiency standards are periodically tightened by regulators, making research in
this area essential [14]. This direction is especially important for compressor-equipped de-
vices, such as refrigerators [15-17], air conditioners (aircons) [18-20], dehumidifiers [21-23],
etc., all of which constitute some of the biggest power consumers in households [24]. As a
result, manufacturers are currently making significant efforts to increase the efficiency of
compressor motor drives [25]. As a result, this area is well studied, and new breakthroughs
at the current level of science are almost impossible; therefore, even minor improvements
in efficiency (0.1~0.2%) are considered good results.

Another key factor attracting buyers is the long lifespan of home appliances [26]. It
directly impacts household expenses by reducing the number of purchased devices [27]
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and indirectly decreases the carbon footprint by reducing demands [28]. Therefore, manu-
facturers of home appliances pay significant attention to increasing the reliability of home
appliances and extending their lifetime [29].

Despite the intensive work of numerous researchers in both of these directions, it was
discovered that they have paid almost no attention to the preheating mode of compressor
operation [30]. This mode is activated before the compressor starts and is used to heat the
oil in the compressor to the minimum required temperature, where its viscosity decreases
and proper lubrication is guaranteed [31]. This mode has largely been ignored due to being
rarely used, since compressors are usually used in hotter climates [32]. However, in recent
decades, the functionality of numerous heating, ventilation, and air conditioning (HVAC)
equipment and their method of usage have significantly changed. Many HVAC devices
have been enhanced with various heat pump modes [33], making them capable of heating.
Therefore, their usage in cold countries has significantly increased [34]. Additionally,
refrigerators are frequently installed in loggias or balconies, which saves space inside
apartments; however, they consequently have to operate in colder temperatures. In these
scenarios, ambient temperatures inside are typically 3~4 degrees higher than outside
the buildings; furthermore, these outdoor temperatures frequently reach negative values.
Currently, the majority of convenience stores and small cafés place their refrigerators at
their entrances, outside the buildings, which increases indoor space; however, these devices
have to operate under significant variations in ambient temperatures. As can be seen,
compressor operation in cold environments has become very common; thus, the usage
of preheating modes has intensified, and their importance has increased. Therefore, this
research focuses on the optimization of compressor motor drive efficiency in preheating
modes and the elimination of the negative impacts on the drive’s lifespan.

1.1. Compressor Preheating

Compressors in home appliances mainly include reciprocating, scroll, and vane ma-
chines, which include numerous fractioning parts, such as shafts, bearings, scrolls, vanes,
pistons, etc. [35]. All of them require proper lubrication in order to work correctly and
extend their lifetime, and, thus, these compressors are equipped with greasing systems.
The simplest implementation includes an oil sump, used for collecting and storing oil [36],
and an oil pump, which is used to transfer the oil from the bottom of the compressor to the
moving parts [37].

In order to facilitate proper greasing and operation of the oil pump, the viscosity of the
lubricant has to be within a specified range [38]. If the oil cools below the minimum working
temperature, its viscosity rises, causing a decrease in lubrication ability and pumping
volume over time. In order to avoid these problems, normal compressor operation requires
the oil to be heated to the minimum working temperature [39].

Simultaneously, compressors are frequently located in cold places, e.g., outdoor units
of air conditioners are placed outside rooms, outdoor freezers are typically located at the
entrances to shops, etc. As a result, after long idle cycles, the compressor temperature
decreases to the ambient temperature and may leave the working range [40]. Therefore,
before starting the compressor, the oil inside has to be heated [41], which is typically
achieved with the help of a preheater [42] or using the motor as a source of heat [43].
However, due to the latest strategies in pricing, manufacturers of compressor drives focus
on cost optimization, thus giving priority to methods that heat the lubricant using power
dissipated in the motor [44].
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After warming the lubricant, the compressor starts and heats further due to power
loss inside it, e.g., power loss inside the motor, friction, gas pressurizing, etc. [45]. The
dissipating energy is enough to keep the oil temperature within the desired range and
ensure normal greasing and proper operation of all mechanical parts [46,47].

1.2. Preheating Approaches

The simplest and most conventional way to heat the oil is by using special devices
called preheaters. They are constructed as resistive heaters and can be internal or externally
located, depending on the way they are mounted. The preheaters are controlled by simple
power converters, which are required in order to provide the desired current to the heating
elements [48]. These converters are usually implemented as separate circuits in the inverter
boards and contain one power switch operating in chopping mode.

The internal preheaters are buried inside the oil and sealed inside the shell of the
compressor. They directly transfer heat to the oil, thus demonstrating the lowest power
dissipation, faster heating, and highest efficiency. At the same time, they cost more and are
more difficult to maintain. The external preheaters are mounted on the outer surface of
compressors, at the bottom, closer to the oil sump. Their construction is simpler compared
to internal-type preheaters; thus, they are cheaper. Due to outside placement, their mainte-
nance and installation are simple. However, a distant location from the lubricant increases
the heating path, thus increasing power dissipation, extending time, and decreasing effi-
ciency [49]. The electronic circuits used to control both external and internal preheaters are
identical, with the only difference lying in their control algorithms.

At the same time, the usage of preheaters complicates compressor maintenance. Fur-
thermore, internal preheaters are welded inside the compressor shell; therefore, they
demonstrate poor repairability. As a result, elimination of the preheaters can significantly
improve these characteristics and significantly optimize compressor costs, which is ex-
tremely important in highly competitive environments. In order to exclude preheaters and
optimize compressor costs, several manufacturers proposed a cold-start approach [50]. In
this method, the compressor starts up with cold lubricant, which does not ensure proper
greasing. However, in order to exclude damage to the mechanical parts, the compressor
load has to be reduced. During operation with reduced load, the compressor heats due to
power loss within it, causing the lubricant temperature to increase. When the oil tempera-
ture reaches the minimum operational level, the compressor may be loaded to full [51]. The
most significant disadvantage of this method is the long operational time under low load,
which may extend to tens of minutes [52]. The main reason for this problem is operation
at low load, which results in lower power loss, which in turn increases the time required
to operate under limited load. Simultaneously, after starting compressor operation, the
consumer prefers to run the device at maximum power immediately in order to adjust the
room climate to the desired conditions. Therefore, a cold start, which significantly limits
compressor operation right after turning on, creates significant discomfort for customers
and decreases the competitiveness of the appliance.

Since the considered conventional techniques have serious disadvantages, a relatively
new approach that uses a compressor motor as a preheater is gaining popularity in the
market. It allows for the exclusion of preheaters, implemented as separate devices, thereby
reducing production and maintenance costs. This technique allows the inverter to inject
current into the motor windings; furthermore, all the injected power is transferred into
heat and dissipated in windings and motor steel. In order to prevent motor rotation, the
injected current should be either DC or high-frequency AC. All of these result in Joule loss
in motor windings. However, the AC component causes power loss in steel as well. At the
same time, in order to make the steel power loss comparable to Joule loss, the frequency
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of the injected signal should be several tens of kilohertz [53], which increases the inverter
switching loss [54]. Therefore, to avoid reducing preheating efficiency, injection of a DC
current is a more popular solution. At the same time, this prospective preheating approach
has several drawbacks, which will be considered in the next section.

1.3. Preheating Problems

When the inverter injects DC current into the motor, the energy is mainly dissipated
in the stator windings, heating wires in the process, and is transferred to the oil through
the motor and compressor parts. Since the heating oil and heat source are far apart,
this approach requires more time, compared to the usage of a preheater of similar power.
Furthermore, all parts located in the heat path should be warmed, which requires additional
power and decreases efficiency. The increased heat path increases power dissipation to
ambient conditions, which also decreases efficiency. As a result, the preheating efficiency,
when the motor is used as a heater, is about 10~30%, which decreases the overall efficiency
of the compressor, calculated over an average operational cycle. In order to decrease
dissipation to the ambient and increase customer comfort, shortening of the preheating
time is required. However, low winding resistances and small rated currents of compressor
motors significantly limit the maximum power that can be transferred.

Another problem that appears during the injection of DC current in the preheating
mode is acoustic noise, which occurs at the modulation frequency. This noise is not
significant and typically not audible when the compressor operates. However, when it is
stopped, the noise can be clearly detected and may irritate customers. The simplest solution
is to increase the modulation frequency over 16 kHz, which makes the noise inaudible
to human ears [55]. However, this causes an increase in inverter commutation loss and
decreases preheating efficiency [56].

Finally, the injection of a DC current causes unsymmetrical operation of the inverter
when its phases and switches are loaded unevenly. As a result, some inverter switches
undergo more working cycles than others, shortening the lifespan of the inverter. In order
to solve this issue and increase the lifetime of the entire appliance device, the load on the
inverter switches has to be evened out. For this purpose, the authors of [57] proposed a
random number generator, which selects the inverter’s active state. This solution makes
the load phase more even, considering the series of preheating operations. However, it
operates with an uneven load inside one operation.

1.4. Contribution

This research develops solutions for the abovementioned problems, which arise during
the compressor preheating mode. This study proposes an approach to define the optimal
modulation frequency, balancing efficiency and the mitigation of audible noise. The author
proposes an approach to reduce preheating time, making the use of compressors more
convenient for customers. In turn, this decrease reduces power dissipation to ambient,
thus raising the efficiency of preheating. Then, this study proposes a simple approach that
makes the load on the inverter and motor phases more even, thus increasing their lifespans.
The main contributions of this research are summarized below:

e  Development of an approach to define the modulation frequency that balances effi-
ciency optimization and the mitigation of audible noise;

e  Development of a technique to decrease the preheating time, thus increasing customers’
comfort and efficiency of preheating;

e  Development of an algorithm that makes the load on the inverter and motor phases
more even and increases the lifespan of the device;
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e  Experimental verification of the developed algorithms and evaluation of their contri-

butions to the resulting efficiency.

2. Theoretical Basis
This chapter provides the theoretical basis required for further discussion. It considers

the construction of typical compressors and demonstrates formulae, illustrating compressor

operation in the preheating mode.

2.1. Construction of Scroll Compressor
The construction of a typical scroll compressor is demonstrated in Figure 1. The refrig-

erant is pressurized by means of two eccentric scrolls located at the top of the compressor.
They are rotated at 180° and share the same volume. However, the top scroll is fixed tightly,
whilst the bottom scroll orbits, driven by the motor via a crankshaft. The bottom scroll
moves closer to the static scroll at several points, creating several enclosed areas. When
the orbiting scroll starts moving, the enclosed areas move toward the center of the spiral,
simultaneously decreasing in volume. As a result, each portion of gas is pressurized when
it reaches the center of the spiral, where the discharge hole is located [58]. After passing
through the discharge hole, the gas goes through the discharge valve, which is required
to prevent gas reverse flow, and enters the high-pressure side. Then, the refrigerant goes

through to the discharge pipe, which leads to a heat exchanger [59,60].
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Figure 1. Scroll compressor.

The compressor oil, used for lubricating moving parts, is stored in the oil sump at
the bottom of the compressor. It is transported to the moving parts at the top by means of
an oil pump implemented inside the motor shaft. All unused oil, after lubrication, flows
down to the oil sump due to gravity. Additional explanations on compressor operation

and construction can be obtained in [61].
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It should be noted that compressors are frequently equipped with thermocouples,
which are used to prevent motor overheating. They are mounted at the outer surface of
the compressor shell, close to the motor; therefore, their maximum temperature can be
roughly evaluated. This protection is necessary in order to pass certification and satisfy
60,730 family standards, class B [62,63]. This means that all possible hazardous situations
can be prevented via software protection; therefore, a protective relay may be excluded,
which significantly decreases the cost [64].

2.2. Structure of Motor Drive

The proposed technique assumes that the motor drive used to rotate the compres-
sor includes a three-phase star-connected interior permanent magnet synchronous motor
(IPMSM), which has high torque-to-weight [65] and torque-to-space [66] ratios. It demon-
strates high efficiency [67], which is crucial for following the latest tendencies on green
energy [68,69] and satisfying the required standards for household devices [70,71].

The motor is controlled by a three-phase inverter designed to ensure sensorless control
of IPMSMs, which is essential for compressor drives [72-74]. The inverter implements
the most popular topology used in low-cost applications, as demonstrated in Figure 2. It
includes a resistive divider for sensing DC-link voltage and two current sensors based
on measurement shunts. The motor current in the third phase is calculated using mea-
sured currents in two other phases, whilst the phase voltages are reconstructed using the
commanded duty factors and measured DC-link voltage [75,76]. The heatsink, used for
the thermal management of power switches, is optimized as proposed in [77]. To ensure
the safety of inverter maintenance, the DC-link is equipped with a discharge circuit that
reduces the voltage across the electrolytic capacitors after inverter disconnection from
the grid [78,79].

i I
Rectifier] DC-link E}Dischargc}‘Voltagc
caoacitors}i circuit 1 sensor

Upcy Ly Ipy

Control system [«— Amplification circuits

Figure 2. Topology of air conditioner motor drive.

2.3. Control Scheme

The typical compressor drive uses conventional FOC, enhanced with additional al-
gorithms, to enable efficient operation. The motor control software architecture is shown
in Figure 3. It involves a speed loop for controlling motor velocity and two inner current
loops in the dq reference frame to control the current trajectory. This control scheme imple-
ments sensorless control of the motor, where electrical speed and position of the rotor are
estimated using measured values of currents and voltages. The considered software uses a
next-step current estimator, which is reported in [80,81] in detail. The starting of the motor
is implemented in an open loop with one-step closing upon reaching the predefined speed,
as discussed in [82].
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Figure 3. Control scheme of the test motor drive for air conditioners.

The performance of the control system is extended by the use of maximum torque
per ampere (MTPA) and field-weakening (FW) techniques. The first method is used for
full utilization of motor potential and minimization of copper loss. The considered control
scheme uses an adapting technique, recommended in [83]. FW control is required to extend
the motor speed range and reach higher speeds [84]. The considered control scheme uses an
optimized technique proposed in [85], which implements anti-windup of the speed loop.

2.4. Preheating by Injection of DC Current

The most common solution for heating the compressor lubricant is the injection of DC
current. In the most popular configuration of motor drives considered above, this injection
can be implemented in two ways, as demonstrated in Figure 4.

Rs=1.5"R, Rs=2"R;
o

S_a\ Sq| Ss
[

Figure 4. Motor phase connections: (a) three-phase; (b) two-phase.

(2 (b)

The first approach involves three phases of a motor, connected as shown in Figure 4a.
The phase involvement may differ, depending on the exact commutation of inverter
switches. However, in all active connections (the motor is connected to the voltage source),
one motor phase is always serially connected to two other phases, commutated in parallel.
The resulting resistance Ry, is equal to 1.5 Rs, where R; is the stator phase resistance. These
phase connections are obtained during operation of the space vector power width mod-
ulation (SVPWM) algorithm, which is used in field-oriented control (FOC). Considering
that FOC is used in the overwhelming majority of compressor drives, the implementation
of compressor preheating using a three-phase connection is a simple task, which does
not require the development of any additional algorithms. At the same time, the main
disadvantage of this connection is low resulting resistance. Considering that the maximum
injected current is limited by motor specification, low resistance limits the maximum power
transferred to the motor. Furthermore, SVPWM with continuous modulation commutates
six switches per PWM period, which increases commutation loss and decreases the effi-
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ciency of preheating. Additionally, the inverter and motor are loaded unevenly, where one
phase operates at 100%, whilst two others work under 50% load. This increases stress on
one phase and decreases the lifespan of the motor drive.

The second approach involves two phases of a motor, connected as demonstrated
in Figure 4b. The phase involvement may differ depending on the exact commutation of
inverter switches; however, in all active connections, one motor phase is always discon-
nected, whilst two others are connected serially. The resulting resistance Ry is equal to 2 Rg;
therefore, this connection enables an increase in transferring power to 33%. However, this
phase connection is used in rectangular control, which is implemented quite rarely. As
a result, the usage of a two-phase connection will require the development of additional
control algorithms. The main disadvantage of this connection is uneven load on the inverter
and motor phases: two phases operate at 100% load, whilst the third phase is unloaded.

2.5. Parameters of Preheating

In order to propose techniques to increase efficiency, the energy flow in the preheating
mode should be analyzed. The flow diagram, which includes the most significant power
losses, is demonstrated in Figure 5. The input power consumed during preheating is
denoted as P;,, whilst the useful power, spent to heat oil to the required temperature,
is denoted as P,;;. The total power loss is denoted as P; and includes five main compo-
nents: P.,,;—conduction loss, which occurs in all conductors, except motor windings;
Peo—commutation loss, which occurs in power switches during their turning on and
off; P, ,—power dissipation to ambient, which comes from all heat-transferring parts;
P. ,—power used to heat the compressor parts, except oil; P,,;,—power required to overheat
some volumes of oil due to uneven heating.

Peond Peon Paw Pen Pow

~
P

Figure 5. Power flow in compressor preheating mode.

The preheating efficiency can be evaluated as

Pi Poil+Pl Pail+Pcom+Pcond+Pch+Pumh+Povh
In this expression, P,; can be found as
P, = Qoit _ Coit “Moi - (To — T1) 2
ol — - ’

ty ty

where Q,; is the energy required to heat the oil; t;, is the heating time; c,; is the heat capacity;
M, is the oil mass; and T; and T are the initial and target temperatures of the oil.

One of the most important parameters of the preheating process is the maximum
heating time, tj juax, which is defined as the time required to heat the lubricant from the
compressor’s minimum operating temperatures to the minimum starting temperatures. For
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the ideal heating process, where all supplied power is used only for oil warming without
any power dissipation, it can be calculated as

¢ o Coilmoil(Ts min — Ta min) 3
h max ideal — Ph ’ ( )

where Py, is the heating power (preheater power or power dissipated in the motor), and
Ty min and T i, are the minimum ambient and starting operating temperatures.

However, real heating processes are more complicated, with numerous parameters
affecting the result. Therefore, it is almost impossible to provide the exact formulae for
the calculation of the maximum heating time. Manufacturers typically provide simpli-
fied expressions for the upper estimates of t}, ;4x, which is obtained empirically for each
compressor in series. The typical values of tj, 4 for internal preheaters are 1.05~1.1 of
th max ideas 1.2~1.4 Of ty 10y ideas fOT external preheaters; and 3.0~7.0 of t}; 4y igeas fOr motors,
which are used as preheaters.

As can be clearly seen, the preheating process is significantly longer when the motor
is used as a preheater, which is usually inconvenient for customers. In order to accelerate
this, heating power is increased via the injection of the maximum motor current, which
shortens the preheating time to half of the previous preheating time. However, it is still
significantly longer compared to conventional preheaters and requires improvement.

3. Proposed Improvements

This chapter proposes several improvements to the compressor preheating technique,
which uses a motor as a preheater. They aim to improve efficiency, increase customer
comfort by reducing preheating time, and enhance the lifespan of the compressor motor
drive. Furthermore, the improved efficiency and the enhanced lifespan, which decrease the
demand for similar devices, reduce the carbon footprint.

3.1. Optimization Directions

After analysis of all power loss components, it can be concluded that the most signifi-
cant improvements can be made to commutation loss Py, by decreasing the commutation
frequency and power dissipation to ambient P,,,;, by decreasing the heating time.

Preheating techniques, which use the motor as a heater and inject DC current into
motor windings, adapt Joule loss for heating. It seems that the commutation frequency
of inverter switches can be easily decreased, thus decreasing power loss and increasing
efficiency. However, a change in the switching frequency significantly impacts the ripples
of the injected current. When the commutation periods are increased, the amplitudes of
ripples rise, resulting in increased acoustic noise, which irritates customers. Therefore,
when varying the modulation frequency, acoustic pollution has to be analyzed as well.

The maximum power transferred to the compressor is limited by the rated motor
current and maximum stator resistance. As a result, the heating time is difficult to reduce,
which irritates customers and increases power dissipation to ambient conditions. Therefore,
any improvements in this direction may improve and optimize two parameters simulta-
neously: they improve efficiency and make the appliance more attractive to users, thus
increasing its competitiveness.

To increase the lifespan of the motor drive, a method for evenly distributing the load
across all phases should be developed. Even load heats all switches and materials equally,
which decreases thermal stress and prevents the occurrence of microcracks.
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3.2. Decrease in Preheating Time

Several simultaneous improvements in preheating can be achieved by reducing pre-
heating time. This reduces power dissipation, making the device more comfortable to use
and more attractive to customers. This time can be decreased either by modification of
the heat transfer path or by increasing the transferred power. The first approach requires
redesign of the compressor; therefore, it is not applicable. However, the second approach is
promising for investigation. The transferred power is limited by the equivalent resistance
and rated current of the motor. In order to increase resistance, two-phase commutation
is proposed, as depicted in Figure 4b. At the same time, conventional FOC schemes are
not capable of such commutations; therefore, this paper proposes simple modifications to
motor control software, which can implement the required connections.

This control scheme is demonstrated in Figure 6. As can be clearly seen, the proposed
method is significantly simpler than the considered FOC: it contains one control loop,
whereas the FOC uses three, which require personal tuning. Furthermore, the proposed
control scheme is dedicated to static operation only; therefore, it does not require imple-
mentation and tuning of any phase transformations and dynamic models. As a result, it
can be easily implemented in the same MCU.

? 220v ¢

\
:

State num ber uDC'_)l_'

i
5}
i

I Pl-controller

i,  Switch control

<

i

Current selector

IPM SM

Figure 6. Modification to the conventional FOC for implementation of two-phase commutation.

The SVPWM block is substituted with a switch control block, which performs two-
phase commutations of inverter switches. There are six possible combinations of switches
across the different phases that can be implemented. The current is controlled by modulat-
ing the applied voltage with one of two switches operating in PWM mode while another
transistor is turned on. The active switch, which operates in PWM mode, can be selected as
top or bottom; therefore, there are only twelve possible combinations. The active combina-
tion is commanded by the “State number” block using one of the criteria considered below.
The PI controller is similar to the controller used in the FOC; therefore, its implementation
does not require additional resources. Moreover, considering that the control object is the
same and its parameters are unchanged, the current controller gains should be the same as
the gains of the d-current controller in FOC. Therefore, tuning of the proposed scheme is
quite simple.

Another minor modification relates to the sensing of motor currents. In order to
exclude the impact of measured current in the disconnected phase on the resulting precision,
the current processing algorithm is simplified to a selector, which chooses current from the
proper shunt and defines its polarity depending on the active combination of switches.
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One more improvement that can increase the transferred power is an increase in the
injected current. As mentioned, the motor current is limited to the rated value, which is
defined by motor designers considering steady-state operation. At the same time, the motor
current can be higher, provided it does not overheat the motor and does not demagnetize
the rotor’s magnets. Therefore, this study proposes the injection of maximum inverter
current, which is defined by the limitations of inverter switches. It should be noted that the
injected power is proportional to the squared current; therefore, even a minor increase in the
injected current results in a significant increase in the transferred power. Simultaneously,
in order to increase motor current unproblematically, the proposed value of the injected
current should be approved by motor designers. However, the overwhelming majority of
IPMSMs can accept injected current at 200% of the rated current without demagnetization;
therefore, only the winding temperature should be controlled. For this purpose, in the
experimental section, a temperature increase test is conducted, and winding temperature is
monitored during preheating.

3.3. Optimization of Modulation Frequency

As mentioned above, one prospective approach to increasing the efficiency of the
preheating mode is to reduce switching losses. This can be achieved by decreasing the
number of commutating switches and decreasing their commutation frequency. The
number of commutating switches used for the injection of DC current can be decreased to
one; however, this requires the use of direct switch control. Simultaneously, it can be easily
implemented using the modified control scheme proposed in Figure 6. However, a decrease
in the commutation frequency increases current ripples, which create acoustic noise. This
noise is not audible when the compressor is operating; however, during preheating, the
compressor is stopped, and noise can be heard. Therefore, modification of the modulation
frequency is a tradeoff between efficiency and customer comfort.

Considering that the evaluation of noise pollution and comfort depends on the human
ear, it is worth analyzing its specifics. The human ear demonstrates non-linear charac-
teristics, whereby signal amplification depends on frequency. Therefore, customers are
more sensitive to audible noise at some frequencies and less sensitive to noise of the same
intensity but radiated at different frequencies. The characteristics of the human ear are
specified in the standard ISO 226:2003 [86], which defines equal loudness contours. Each
contour, demonstrated in Figure 7, specifies the average dependency of air pressure on its
frequency, which is treated by people as having the same intensity. It can be clearly seen
that these mentioned contours have several maxima, where the human ear is less sensitive,
and that at frequencies over 15 kHz, the noise is almost inaudible.

The first local maximum is located at 1.5 kHz and has a narrow bandwidth. The
second maximum is located at 10 kHz and has a wider bandwidth. Therefore, the most
promising modulation frequencies for DC current injection are 1.5, 8, 10, 12, 15, and 20 kHz.
For comparative analysis, two more frequencies, 4 and 6 kHz, were added. However, those
frequencies belong to the frequency range where the human ear is the most sensitive. All
these frequencies have to be evaluated in a hearing test involving people, and the lowest
that satisfies the focus group should be selected.
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Figure 7. Equal loudness contours taken from [86].

3.4. Enhancing the Lifespan

In order to increase the lifespan of the compressor motor drive, the load to its phases
should be equal; therefore, thermal processes in all phases should be similar. Further-
more, even distribution of the load decreases maximum temperatures in the previously
overloaded phases, thus reducing thermal and mechanical stresses.

In order to make the load phase even, it is proposed to change the active state of
the inverter after every operation during t,; time, where t, is selected in the experiments
after definition of the preheating time t. If the following active states correspond to the
next voltage vectors, the rotor will rotate at 60 electrical degrees, and total rotation during
the preheating process will be 1~3 mechanical revolutions. Considering that the load is
insignificant, this rotation is acceptable, even with cold lubricant.

It is explained above that the inverter has 12 active states; therefore, the time of each
active state should be selected as

te = % k=1, 2.. (4)

It is recommended that the integer number k is selected to provide ¢, in the range of
8-15 s, which results in relatively even heating of all inverter switches. The time of each
active state t; mainly depends on the time constants of heating transients and heating
power, which define the temperature difference between the hottest and coldest points of
the device. The recommended range was selected in experiments on temperature increases
by controlling the temperature difference to within the desired range. It should be noted
that the limits of the operational period t;; may vary depending on the system. However,
the main criterion in its definition is the temperature difference, which determines the

device’s stress.

4. Materials and Methods

All test units used in the experimental verification of the proposed techniques are
commercial devices currently produced for various markets. Figure 8 demonstrates the
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test compressor and inverter detached from the outdoor units for evaluation of preheating.
At the same time, Figure 9 illustrates an assembled outdoor unit with the compressor
inside, which was used in acoustic tests. In these tests, the cooling fan was turned off
because, unlike the main operational mode, heat dissipation during preheating is undesired.
Moreover, no other additional devices were active during preheating. Simultaneously,
acoustic tests were performed with all aircon devices assembled and connected inside
the outdoor unit. This condition is essential because mechanical connections significantly
impact resonant frequencies and the acoustic profile of the whole unit.

Figure 9. Outdoor unit.

It should be emphasized that the main purpose of the acoustic test was to define
customer comfort. In other words, how much the modulation frequency can be decreased
without irritating people. Therefore, personal impressions are more significant than the
air pressure. As a result, no acoustic measurement equipment was used in this test. At
the same time, significant attention was paid to the composition of the focus group, which
included people of various ages with equal diversity in sex.
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The compressor used in these experiments is a scroll-type device, with parameters
shown in Table 1.

Table 1. Compressor parameters.

Parameters Symbol Units Value
Compressor type - - Scroll
Power P, W 3600
Supply voltage Us V/Hz 220/60
Life time Ty, cycles 230,000
Operating ambient temperature T, °C —20~55
Lubricant type - - POE
Oil charge @ 20 °C Vil cc 1250
Oil temperature at start Ts min °C 5
Oil density @ 20 °C Poil kg/m3 940
Oil heat capacity Coil ]/ (kg-K) 1800

The motor used to rotate the compressor is a representative of a series of motors
specifically designed for operation with scroll compressors. It is an IPMSM machine, which
was optimized using recommendations provided in [87-89], focusing on an increase in
efficiency in order to decrease CO, emissions [90]. The key motor parameters are provided
in Table 2.

Table 2. Motor parameters.

Parameters Symbol Units Value
Pole pairs number p - 3
Rated power Py W 3600
Rated current I, A 18
Maximum current * Lax A 30
Maximum winding temperature Tw max °C 115
Stator resistance Rs @) 0.46
d-axis inductance Ly mH 49
g-axis inductance L, mH 6.4
Rotor flux linkage Pm V-s/rad 0.123

* With control of winding insulation temperature.

The inverter used in the experimental verification was also a commercial device devel-
oped for sensorless operation of compressor applications, which is a must for most [91]. It
has a topology conventional for low-cost applications, which is demonstrated in Figure 2.
The inverter is intended for operation in control structures, typical for air conditioner appli-
cations [92]. It controls the compressor motor using commands obtained from the high-level
control system. Communication is performed via an RS-485 interface, which provides the
required communication rate and immunity to electromagnetic noise. These devices im-
plement the MODBUS protocol, which provides protection and flexibility in commands
and data monitoring. In order to exclude redundant chains from the command line during
experiments and directly initiate arbitrary compressor operational modes, the PC with
MODBUS communicator was connected to this network and assumed control functions.

The motor drive used in the experiments involves conventional FOC, enhanced with
additional algorithms, required for the efficient operation of compressor drives. This
control system is demonstrated in Figure 3 and used in mass production. However, for the
experiments, it was enhanced with debugging and monitoring functions.

Various protections used to prevent hazardous situations form an important part of
control systems used in home appliances; therefore, the considered control system uses
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algorithms reported in [93-95], which implement all required protections in software, thus
excluding external protections, such as relays or breakers. The control code is optimized
for execution on low-cost microcontrollers by employing special coding approaches, e.g.,
as proposed in [96].

In order to perform temperature-increase tests, the climate chamber was used. It
is capable of controlling the temperature inside it from —50 to 80 °C with a precision of
£0.5 °C. In order to digitize current and voltage signals, a Yokogawa DL-850 oscilloscope
(Yokogawa, Tokyo, Japan) was used. It can save pictures and raw data as well as perform
fast Fourier transformation, which makes it ideal for multidisciplinary research. All power
data, including efficiency, were evaluated using a Yokogawa WT1800 power analyzer
(Yokogawa, Tokyo, Japan). The temperature was measured by means of thermocouples
connected to an FX1000 data recorder (Yokogawa, Tokyo, Japan).

According to the device specification, the measurement error of the oil temperature
was 0.5 °C, whilst the error of power and energy measurements was 0.1%. The preheating
time was evaluated using temperature data and defined as the time required for heating
to 5 °C. The sampling time for temperature data was 0.25 s; therefore, the measurement
uncertainty of the time measurements was equal to two sampling intervals: 0.5°s. In
the experimental results, this value was used to calculate measurement uncertainties of
time-related values.

The preheating efficiency in the experiments was evaluated as

Eoil

= L, )

where E;; and E;,, are the energy required to heat the oil in the temperature-increase test
and consumed energy, respectively. The first parameter was evaluated by compressor
designers as 52.87 £ 0.08 k], whilst the second was measured by a power meter. Therefore,
the efficiency evaluation error is

2
AE,;\? [ EzAEs,
By = ( ) + | =) (6)
! Ein Eizn

where AE,; and AE;, are the evaluation errors of the corresponding energies.

In order to perform temperature-increase tests, four thermocouples were mounted
inside the compressor, as demonstrated in Figure 10. Two of them were dedicated to the
evaluation of oil temperature and mounted at point #1, the coldest area in the lubricant.
They were located at the same distance from the central axis of the compressor and used
to reduce measurement errors. The temperature information obtained from them was
averaged and used as the oil temperature in the following experiments. Two more thermo-
couples were mounted at point #2, located in the stator winding at the central cross-section.
These thermocouples are used to evaluate the maximum temperature in the motor and
verify that current injection would not damage insulation and plastic parts. Both thermo-
couples measured the temperature of phase A. However, they were located at opposite
ends. Their temperatures were also averaged and used as motor winding temperatures in
the following experiments.
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Figure 10. Location of thermocouples.

In order to guarantee that all parts inside the compressor were properly cooled and at
ambient temperature, the compressor was placed in the climate room at a temperature of
—20 °C two hours prior to the temperature-increase test.

5. Experimental Results

This section demonstrates the results of the evaluation of the conventional preheating
algorithm before optimization. After, the proposed improvements were implemented, and
compressor operation in preheating mode was evaluated again after each improvement.

5.1. Evaluation of Preheating Before Optimization

At the beginning of the experiment, conventional preheating was evaluated. In this
mode, the standard control software, as shown in Figure 3, was used, with the speed loop
deactivated, direct current set to equal the motor-rated current (18 A), and quadrature
current set to zero. The modulation frequency used for preheating was not modified and
was the same as for FOC: 12.5 kHz.

The temperature-increase test is demonstrated in Figure 11, where the blue line il-
lustrates the lubricant temperature and the red line shows the temperature of the motor
windings. The maximum preheating time required to heat the oil from —20 °C to +5 °C
was 792 s. During this process, the winding temperature rose to 40.1 °C. During the pre-
heating process, the compressor motor drive consumed 204.9 k], resulting in an operational

efficiency of 25.80 £ 0.07%.
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Figure 11. Temperature-increase test before optimization.



Technologies 2025, 13, 590

17 of 24

5.2. Optimization of Preheating Time

In this experiment, the control scheme was modified as proposed in Figure 6, en-
abling two-phase commutation of motor phases. The injected current was increased to
the maximum inverter current (30 A), whilst the modulation frequency was unchanged
(12.5 kHz). At the same time, two transistors in active phases operated in PWM mode. After
these modifications were made, the temperature-increase test was repeated. The results are
demonstrated in Figure 12, where the blue line illustrates the lubricant temperature, and the
red line shows the temperature of the motor windings. The maximum preheating time re-
quired to heat the oil from —20 °C to +5 °C was 213 s; thus, it was decreased 3.7 times, with
the measurement uncertainty below 1.1%. During this process, the winding temperature
increased to 54.2 °C, which is significantly lower than the maximum allowed temperature.
During the preheating process, the compressor motor drive consumed 196.2 k], resulting in
an operational efficiency of 26.95 £ 0.07%.

Lubricant (#1)

—— Winding (#2)

[

SR S S

Yo

|
3
200 250

Figure 12. Temperature-increase test after optimization of preheating time.

5.3. Optimization of Modulation Frequency

In the next experiment, several modifications aimed at reducing commutation loss
were evaluated. Initially, the control scheme was modified to operate only one transistor
in PWM mode, which decreases switching loss. After, the acoustic performance of the
compressor drive was evaluated at previously selected frequencies: 1.5, 4, 6, 8, 10, 12,
15, and 20 kHz. For this evaluation, a small focus group of 10 people, consisting of an
equal number of male and female evaluators, was used. Participants stood at a distance
of 2 m from the assembled outdoor aircon unit with the target compressor inside, while
the compressor operated in the preheating mode at various frequencies. Their impressions
were evaluated as follows: very annoying, annoying, audible, and not audible. The results
of their evaluations are demonstrated in Table 3. It can be clearly seen that the minimum
PWM frequency, which was not evaluated as “annoying” by at least one evaluator, is 8§ kHz.
Therefore, this frequency is considered balanced between efficiency and comfort, and it
will be used as the optimized value.

Table 3. Evaluation of acoustic noise.

Evaluation
1.5 4 6 8 10 12 15 20
Frequency, kHz

Very annoying
Annoying
Hearable

Not hearable

9 2 1 0 0 0 0 0
1 6 4 0 0 0 0 0
0 2 5 6 4 4 2 0
0 0 0 4 6 6 8 10
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After selecting a new modulation frequency for the preheating mode, the temperature-
increase test was repeated. The injected current was set to the maximum inverter cur-
rent (30 A), and the modulation frequency was modified to 8 kHz. The results of the
temperature-increase tests are demonstrated in Figure 13, where the blue line illustrates
lubricant temperature, and the red line shows the temperature of the motor windings. The
maximum preheating time required to heat the oil from —20 °C to +5°C was 220 s; thus,
it was decreased 3.6 times, with the measurement uncertainty below 1.1%. During this
process, the winding temperature increased to 52.7 °C, which is significantly lower than
the maximum allowed temperature. During the preheating process, the compressor motor
drive consumed 176.5 k], resulting in an operational efficiency of 29.95 & 0.08%. Therefore,
the efficiency of preheating was improved to 4.15 £ 0.11%.

Lubricant (#1)

RS

—— Winding (#2)

[,

A3

Figure 13. Temperature-increase test after optimization of switching algorithm.

5.4. Improvement in Load Distribution

In order to load motor and inverter phases evenly, it was proposed to change the
active switches after a period of time. According to Equation (4), the operation period for
each phase combination was set to 9.17 s, resulting in two rounds of twelve inverter states.
Considering that the motor rotates through 1 electrical revolution every six states, during
the preheating process, it will rotate through 4 electrical revolutions, which corresponds to
1.33 mechanical revolutions. This movement is negligible and does not significantly impact
the compressor parts. At the same time, the proposed algorithm decreases the temperature
gradient between phases and reduces the maximum temperature, which decreases the
temperature and mechanical stresses. In order to evaluate the temperature distributions,
several temperature rising tests were carried out, in which the preheating algorithm was
configured according to propositions. The results are demonstrated in Figure 14. In the
first test, the preheating involved phase “A”, and its temperature is illustrated with a red
line. In the second test, phase “A” was not active and was heated by other motor phases.
Its temperature is indicated with a blue line. In the third test, the proposed technique was
involved, and the temperature of phase “A” for this case is demonstrated by a black line.
The proposed technique switches the inverter’s active state after an operation period of
9.17 s, thus executing 24 states over 220 s. As a result, each phase is active for 18.34 s and
inactive for 9.17 s. When the phase is active, its temperature increases; when it becomes
inactive, its temperature decreases. However, after several seconds of inactivity, heat
from the neighboring active phases reaches the inactive phase, and the temperature of the
inactive phase starts to increase. It can be clearly seen that the conventional algorithm
results in a temperature gradient of about 10 °C, whilst the proposed technique decreases
it to 3 °C.
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Figure 14. Motor windings temperature-increase tests.

The estimation of the increase in lifespan is quite difficult and depends on many
factors, such as mechanical design, analysis of thermal behavior of various materials and
joints, composition of the averaged compressor operational cycle, environmental conditions,
frequency of operation in preheating modes, etc. Therefore, a detailed analysis is out of
the scope of this paper. At the same time, mechanical engineers roughly evaluated this
parameter. For devices operating outside and used in moderate climates, the frequency of
initialization of preheating mode is about 40% annually. Using this value for analysis, as
well as data on decreasing temperature differences, the mechanical engineers evaluated an
increase in the average lifetime (number of cycles of operation) of 8%, with a probability
of 95%.

6. Discussion

It should be noted that a minor increase in the preheating time, when the modulation
frequency was changed from 12.5 to 8 kHz, is caused by a reduction in power losses in
motor steel, which depends on the frequency of current ripples.

Noise pollution depends not only on the source of vibrations and their frequencies.
The mechanical environment highly impacts the emitting noise; therefore, the noise test of
only the compressor drive is meaningless. In order to obtain adequate results, the noise test
should be carried out for the entire mechanical unit, which includes the compressor drive.
In this research, an outdoor air conditioning unit was used. However, if other devices are
selected for evaluation, this test should be repeated.

After analysis of noise test results, it can be concluded that the most promising
frequencies for evaluation are those defined using equal loudness contours: 8, 10, 12, and
15 kHz. Frequencies over 15 kHz are almost inaudible due to the specifics of the human
ear; therefore, they provide perfect comfort. However, they increase switching losses.
Frequencies below 6 kHz cause significant current ripples and belong to the bandwidth
where the human ear is more sensitive.

Another promising direction for further optimization is increasing the injected current.
In order to accomplish this, several verifications must be conducted. Motor designers
have to check the demagnetization current and approve an increase in the injected current.
During injection, the winding temperature has to be evaluated and verified to be below
the acceptable level. Manufacturers of power switches need to estimate the junction
temperature at higher current levels and verify that it remains at a safe level. Considering
that the preheating mode is activated at low temperatures, usually below 0 °C, the thermal
management of power semiconductors may allow for an increase in injected current over
the rated value.
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This research focuses on decreasing commutation loss and dissipation to ambient
conditions. However, the main power losses stem from the necessity to heat the compressor
parts along the heat transfer path. The most significant of these are motor and compressor
shells. These power losses can be decreased only by modifying the compressor and motor
design, e.g., by lightening some parts and shortening heating paths. Another excellent
direction is a decrease in power loss, which is required in order to prevent overheating
some volumes of the oil. For this purpose, lubricant heating should be more even, which
can be achieved via oil mixing or in various other ways.

The proposed method was developed for a three-phase, star-connected IPMSM. How-
ever, it can be easily extended to machines of other types, machines with different numbers
of phases, and their connections.

7. Conclusions

This study proposes several optimizations for the compressor preheating technique,
which uses motor phases as a heater. The conventional approach demonstrates low effi-
ciency and a long heating time, which irritates customers. Furthermore, the uneven load
of motor and inverter phases, inherent to the conventional method, decreases the lifespan
of compressor motor drives, thus increasing demand. The proposed innovations increase
efficiency by 4.15% and reduce the preheating time by 3.6 times. Furthermore, the devel-
oped algorithm used to ensure even load distribution among motor drive phases reduces
thermal and mechanical stresses, thereby increasing the lifetime. All these improvements
result in a reduction in carbon footprint and an increase in customer comfort. In turn, it
significantly improves the appliance’s competitiveness in the marketplace and provides
profitable environments for manufacturers.
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