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Abstract: Electric compressor systems for air conditioning operations are an essential part in battery
electric vehicle systems, which are not applicable to conventional belt-driven compressors due to
no combustion engines. Three-phase voltage source inverters (VSI) and interior permanent magnet
(IPM) motors are generally used for electric compressor systems in battery electric vehicles. Direct
current (DC)-link capacitors are a critical component in the power converter systems, which affect the
cost, size, performances and scale. Metallized polypropylene film capacitors are considered more
reliable than conventional electrolytic capacitors for high temperature environments such as electric
vehicle applications. This paper presents comprehensive comparisons and evaluations of electric
compressors with two types of DC-link capacitors. Based on a 5 kW IPM motor drives and a VSI
with a nominal DC voltage of 360 V for electric compressors, performances with electrolytic and film
capacitors have been evaluated by experimental tests.

Keywords: electrolytic capacitor; metallized polypropylene film capacitor; voltage source inverter;
electric compressor; battery electric vehicle

1. Introduction

In recent years, the necessity of environmental issues caused by global warming and pollution
concerns have been getting accelerated research on battery electric vehicles [1–3]. The electric vehicles
driven by only batteries without combustion engines require a variety of changes and modification
in internal structures of vehicles. Compressors for air conditioning systems in vehicles are one of
exemplary components, which have to dramatically altered in vehicle systems. Electric compressors
have been employed in battery based electric vehicles due to their structures without engines, whereas
compressors have been driven by powers of engines in internal combustion engine (ICE)-based
vehicles. Electric compressor systems consist of three-phase voltage source inverters (VSIs) and interior
permanent magnet (IPM) motors.

Direct current (DC)-link capacitors are a critical component in the power converter systems, which
affect the cost, size, performances and scale. Metallized polypropylene film capacitors are considered
more reliable than conventional electrolytic capacitors for high temperature environments such as
electric vehicle applications [4]. Al-Cap is the most popular capacitor type used in power converter
systems because of its high volumetric efficiency, low cost and available in an enormous range of
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capacities and sizes [5]. When selecting capacitors there are two main properties that need to be
considered: breakdown voltage and capacitance. The selection of the initial capacitance value has
to be taken into consideration of the normal and significant drop of capacitance in Al-Cap. If the
over-voltages are occurred, the result is only a small decrease in the capacitance of the MPPF-Cap and
never a significant capacitance drop or a breakdown [6]. Under the same situation, Al-Cap decreases
a large amount of its capacitance, results in an unbalanced voltage and the capacitor can be in the
short-circuit mode in the worst case [7]. In addition, Al-Caps need connected in series and require
voltage balancing resistors to maintain the required high-level voltage in high power applications. This
leads to a more complex bus structure and may cause additional damage when they fail. MPPF-Caps
outperform Al-Caps in terms of ESR, self-healing capability, life expectancy, environmental performance,
DC-blocking capability, ripple current capability and reliability [5]. However, the capacitance of the
MPPF-Caps still cannot compete with Al-Caps, due to their relatively low volumetric efficiency and
high cost. Several comparisons were presented about the performance between Al-Cap and MPPF-Cap.
It demonstrates that the MPPF-Cap can handle more ripple current owing to the low ESR characteristic
and their lifetime is about ten times longer than that of Al-Caps [5]. Furthermore, though the cost of
Al-Caps, which is cheaper than the MPPF-Caps. However, the operational lifetime of the Al-Caps is
much shorter than that of MPPF-Caps, and so will most likely require replacing at least once or twice
within the lifetime of the power converter [8]. The MPPF-Cap has an operational lifetime more than
ten times compared with Al-Caps. Then, the cost of replacement will outweigh the price difference
between the different types of capacitors [9].

Figure 1 shows a block diagram of an electric vehicle with Full Automatic Temperature Control
(FATC), which is a focus of study. FATC consists of an electric compressor and an inverter to drive
the compressor. The electric compressors with the electrolytic capacitor and the film capacitor are
evaluated in terms of capacitor characteristics, Root Mean Square (RMS) values of DC-link currents,
ripple characteristics of capacitor voltage/current, power losses, and junction temperatures in this
paper. The main contribution of this paper is to provide comprehensive comparisons and evaluations
of electric compressors with two types of DC-link capacitors. For the purpose, based on a 5 kW IPM
motor drives and a VSI with a nominal DC voltage of 360 V for electric compressors, performances
with electrolytic and film capacitors have been evaluated by experimental tests. Based on extensive
experiment evaluations, it is seen that generally, the electric compressor system with the film capacitor
based VSI showed better performance in comparison with the electric compressor system of the VSI
with the electrolytic capacitor. The electric compressor system with the film capacitor based VSI showed
lower power losses and lower peak-to-peak voltage fluctuation, and lower RMS values of DC-link
voltage, than that with the electrolytic capacitor based VSI. However, the electric compressor system
with the film capacitor exhibited higher percent RMS current value in the DC-link, in comparison with
the electrolytic capacitor.

In the next section, when using this VSI, a study on the characteristics of the capacitor according
to the type of capacitor attached to the DC link stage will be conducted. Characteristics are %RMS of
current, RMS, loss at the capacitor, heat generation and voltage ripple of the capacitor. Each of these
characteristics was analyzed with respect to the current frequency and the magnitude of the current of
the inverter for driving the motor. Using experimental data, the results were estimated using MATLAB.
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Figure 1. Block diagram of the electric vehicle.

2. Electric Compressor System Based on Voltage Source Converter in Electric Vehicle

2.1. Electric Compressor System

The HVAC (heating, ventilation and air conditioning) system on the vehicle adjusts the indoor
temperature of the vehicle from external heat loads by properly adjusting air temperature, humidity,
airflow and cleanliness through refrigerant compression, condensation, expansion and evaporation
processes. It plays a role in keeping it in a comfortable state.

In the HVAC system, the compressor serves to make the low temperature/low pressure refrigerant
high temperature/high pressure, and accounts for more than 85% of the HVAC system energy
consumption [10]. In the ICE vehicle, the HAVC system uses the low temperature/low pressure
refrigerant passing through the evaporator to supply cold air to the driver’s seat to create cold air as
shown in Figure 2a. It is to provide warm air to the driver’s seat [11,12].
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Figure 2. Diagram of the heating, ventilation and air conditioning (HVAC) system on the vehicle:
(a) internal combustion engine (ICE) vehicle and (b) battery electric vehicle (BEV).

However, in heat pump systems that use electric compressors, such as BEV (battery electric vehicle)
and FCEV (fuel cell electric vehicle), the system is constructed by combining the low temperature/low
pressure refrigerant and high temperature/high pressure refrigerant produced by the electric compressor
with hoses and valves of appropriate structures, and cooling air and will supply warm air [13–15].
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Figure 3 shows the structure of the electric compressor. It is composed of a scroll compression
unit for compressing the refrigerant, an electric motor unit for supplying the driving force to the
compression unit and an inverter unit for controlling the electric motor at an appropriate speed [16].

Figure 3. Structure of the electric compressor.

2.2. Voltage Source Converter in Electric Compressor Systems

The compressor was the IPM motor and power module that would be described was used for
the 3-phase inverter. The DC link voltage was 360 V. The power module used in this experiment
was NFVA35065L32 [17]. That module consisted of six IGBT and was composed of a 3-phase bridge.
The rated voltage and current were 650 V and 50 A, respectively. The three-phase VSI for the electric
compressor systems operated with the SVM algorithm with the switching frequency of 15 kHz.
The characteristics of the motor for the compressor had eight poles and the maximum output power of
it was 5 kW. As shown in Table 1, the maximum speed of the motor was 8600 rpm. The details are
described in the Table 1.

Table 1. Properties of interior permanent magnet (IPM) motor.

Character Properties

Rated Power (kW) 4.0
Rated Speed (rpm) 6000

Maximum Speed (rpm) 8600
Rated Torque (Nm) 6.3

Poles/Slots 8/12
Winding method Concentrated method

Type of PM V-shape
Outer diameter of stator (mm) 94
Outer diameter of rotor (mm) 48.6

Air gap (mm) 0.5
Depth of lamination (mm) 47

Br of PM (T) 1.39
Resistance per phase (Ω) 0.37

Based on what was mentioned, the experimental setup is shown in Figure 4. It is a device to
observe the waveform of each part by driving the IPM motor with VSI, an oscilloscope, etc.

Figure 5 shows the motor current waveform when the motor speed was 1000 rpm and the phase
current was 10 A. The upper one was the reduced waveform of motor current and the lower one was
the enlarged one. Considering that the period of the current was 15 m sec and the number of poles of
the IPM motor was eight poles, it could be seen that the speed of the motor was 1000 rpm and the
current of the motor was a sinusoidal wave through the enlarged waveform.
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3.1. Electrolytic Capacitor and Film Capacitor 

Figure 5. Experimental waveform of the motor current (motor speed = 1000 rpm and motor current = 10 A).

Figure 6 shows the waveform of the VSI and motor, the yellow line is the motor current (5 A/div),
the cyan line is the line-to-line voltage of VSI (5 V/div), the green line is the capacitor current (10 A/div)
and the purple line is the AC component of capacitor voltage (500 V/div). The phase difference of the
line-to-line voltage and phase current of the inverter was about 60 degrees. Among the waveforms,
the current of the DC link capacitor was to be studied.
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3. DC Capacitors Used in VSI of the Electric Compressor System in an Electric Vehicle

3.1. Electrolytic Capacitor and Film Capacitor

There are three types of capacitors widely used for the power electronic system, which are
aluminum electrolytic capacitors (Al-Caps), metallized polypropylene film capacitors (MPPF-Caps)
and high capacitance multilayer ceramic capacitors (MLC-Caps). The performance of capacitors
depends on the property of dielectric materials (Al2O3, polypropylene and ceramics), which are used in
Al-Caps, MPPF-Caps and MLC-Caps. Figure 7 shows the constructions of Al-Cap in the cylinder shape
and cross section. The Al-Cap consists of two aluminum foils, which are parallel plates, the positive
foil is the anode and the negative foil is the cathode. The aluminum forms a thin layer of the aluminum
oxide (Al2O3) layer by anodic oxidation. A space paper separates the foils to avoid the contact between
anode and cathode foils; then, the foils and the space paper are wound together. The electrolyte
covers the etched rough structure of the aluminum oxide layer on the anode, serves as the cathode
and increases the anode surface. Aluminum tabs are etched to the anode and cathode foils in order to
connect the capacitor with the outer circuits.
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Figure 7. The constructions of the aluminum electrolytic capacitor (Al-Cap): (a) the cylinder construction
and (b) the cross section of the cylinder shape.

Figure 8 presents the typical construction and the cross section of the cylindrical MPPF-Cap.
The construction of the MPPF-Cap contains two pieces of polypropylene film, which are wound into
a cylindrical shape on an insulating mandrel. Each strip has a very thin metallization layer, usually
aluminum, that is applied to one or both sides to serve as electrodes. The capacitor is wound so that
there are the clear margins at each ends of the cylinder. A key advantage of this construction is that the
direct contact between the electrodes and both ends of the cylinder are provided and keep the current
path through the electrodes shortly, thus the internal losses is low.

3.2. Capacitor Characteristics

Figure 9 shows the frequency characteristics of ESR values of the electrolytic and film capacitors.
The ESR value of the film capacitor (10 µF) was lower than that of the four parallel connected electrolytic
capacitors (88 µF) in the entire frequency ranges. The film capacitor ESR increased with increasing
frequency. On the other hand, the ESR values of the electrolytic capacitors reduced with the increase of
frequency. Dependency of film capacitor ESR on frequency was low in comparison with that of the
electrolytic capacitor ESR.
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Figure 8. The constructions of the metallized polypropylene film capacitor (MPPF-Cap): (a) the cylinder
construction and (b) the cross section of the cylinder shape.
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capacitor of VSI in electric compressor systems.

Figure 10 shows the frequency characteristics of capacitance values of the electrolytic and film
capacitors. The capacitance value of the film capacitor (10 µF) slightly increased with increasing
frequency. On contrast, the capacitance value of electrolytic capacitor (88 µF) significantly reduced
with increasing frequency. The variation of the film capacitor capacitance on frequency was negligible
in comparison with that of the electrolytic capacitor capacitance.

Electronics 2020, 9, x FOR PEER REVIEW 7 of 32 

 

3.2. Capacitor Characteristics 

Figure 9 shows the frequency characteristics of ESR values of the electrolytic and film capacitors. 

The ESR value of the film capacitor (10 μF) was lower than that of the four parallel connected 

electrolytic capacitors (88 μF) in the entire frequency ranges. The film capacitor ESR increased with 

increasing frequency. On the other hand, the ESR values of the electrolytic capacitors reduced with 

the increase of frequency. Dependency of film capacitor ESR on frequency was low in comparison 

with that of the electrolytic capacitor ESR. 

Figure 10 shows the frequency characteristics of capacitance values of the electrolytic and film 

capacitors. The capacitance value of the film capacitor (10 μF) slightly increased with increasing 

frequency. On contrast, the capacitance value of electrolytic capacitor (88 μF) significantly reduced 

with increasing frequency. The variation of the film capacitor capacitance on frequency was 

negligible in comparison with that of the electrolytic capacitor capacitance. 

Figure 11 shows the frequency characteristics of impedance values of the electrolytic and film 

capacitors. The impedance value of film capacitor (10  μF ) slightly increased with increasing 

frequency. On the contrary, the impedance value of electrolytic capacitor (88  μ F) significantly 

reduced with increasing frequency. It shows the difference of film capacitor impedance was 

insignificant. 

 

Figure 9. Frequency characteristics of ESR values of the electrolytic and film capacitors used in DC 

capacitor of VSI in electric compressor systems. 

 

Figure 10. Frequency characteristics of capacitance values of the electrolytic and film capacitors used 

in the DC capacitor of VSI in electric compressor systems. 

Figure 10. Frequency characteristics of capacitance values of the electrolytic and film capacitors used
in the DC capacitor of VSI in electric compressor systems.



Electronics 2020, 9, 1276 8 of 31

Figure 11 shows the frequency characteristics of impedance values of the electrolytic and film
capacitors. The impedance value of film capacitor (10 µF) slightly increased with increasing frequency.
On the contrary, the impedance value of electrolytic capacitor (88 µF) significantly reduced with
increasing frequency. It shows the difference of film capacitor impedance was insignificant.
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From Figures 13 and 14, it could be seen that the higher the motor speed gets, the larger the
magnitude at the switching frequency fsw and 2fsw. Additionally, for the electrolytic capacitor current,
switching the frequency component was smaller than the component at 2fsw. For the driving motor,
the major current components could be located at fsw and 2fsw [18].
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Figure 13. Magnitude of DC-link currents of VSI with film (a) and electrolytic (b) capacitors as functions
of frequency. At motor speed = 1000 rpm and phase current amplitude = 20 A.

The percent RMS DC-link current is defined by the total RMS values of all AC components divided
by the DC component as

Irms.per =

√∑
Iac( fi)

2

Idc
× 100% (1)
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where, the AC components values were considered until 6.25 (MHz). Figure 15 shows the percent RMS
DC-link current in (1) the electrolytic capacitor and the film capacitor as functions of the motor speed
and motor current of the electric compressor system. In all regions presented, the current percent RMS
of the film capacitor was greater than that of the electrolytic capacitor. In Equation (1), Iac( fi) is the
magnitude of the current according to frequency fi, and Idc is the dc component.Electronics 2020, 9, x FOR PEER REVIEW 10 of 32 
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The reason why the current percent RMS value for both capacitors is higher than the other regions
in the low-speed and low-current regions is that the DC current value in the region is much smaller
than 1.
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Figure 16 shows the percent RMS DC-link current values obtained by the VSI with electrolytic
and film capacitors as functions of motor currents, which were calculated by (1). Figure 16 shows that
the RMS currents of the DC-link currents with the film capacitor based VSI were higher than those by
the VSI with the electrolytic capacitor in all motor current values of the electric compressors, due to a
much lower capacitance value, which was about 10 times lower than that of the electrolytic capacitor.
The increased RMS current values of the film capacitor could lead to the increased losses of the battery.
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Figure 17 shows the percent RMS DC-link current values obtained by the VSI with electrolytic
and film capacitors versus the motor speed. It is seen that the RMS currents of the DC-link currents
with the film capacitor based VSI were higher than those by the VSI with the electrolytic capacitor in
all operating speed ranges of the IPM in the electric compressors. It is because the capacitance of the
film capacitor was about 10 times lower than that of the electrolytic capacitor.



Electronics 2020, 9, 1276 12 of 31
Electronics 2020, 9, x FOR PEER REVIEW 12 of 32 

 

Figure 17. Cont.



Electronics 2020, 9, 1276 13 of 31

Electronics 2020, 9, x FOR PEER REVIEW 13 of 32 

 

Figure 17. Cont.



Electronics 2020, 9, 1276 14 of 31

Electronics 2020, 9, x FOR PEER REVIEW 14 of 32 

 

 

Figure 17. Percent RMS DC-link current obtained by the VSI with electrolytic and film capacitors 

versus motor speed. 

Table 2. Percent RMS DC-link current obtained by the VSI with electrolytic and film capacitor at an 

rpm range of 800–2000. 

Speed 

(rpm) 
800 1000 2000 

Current (A) 
Film 

(%) 

Elect 

(%) 
Film (%) 

Elect 

(%) 
Film (%) 

Elect 

(%) 

1 135.46 110.96 109.07 84.42 65.48 43.02 

2 77.62 55.79 71.65 43.69 52.21 26.12 

3 66.24 38.72 61.02 32.27 49.85 20.89 

4 62.65 28.62 58.70 27.53 48.38 18.91 

5 58.97 28.27 56.34 24.86 48.16 17.98 

6 57.87 26.24 54.10 23.30 47.35 17.14 

7 56.84 24.45 54.19 22.15 47.47 16.59 

8 56.22 23.22 53.30 21.70 47.07 16.23 

9 54.93 22.50 52.90 20.72 47.12 15.87 

10 54.95 22.07 52.45 19.89 47.44 15.31 

11 54.21 21.14 52.00 19.46 47.81 16.87 

12 54.27 20.95 51.84 18.91 48.52 15.97 

13 53.80 18.65 52.20 18.36 49.57 14.55 

14 53.52 18.82 51.43 18.10 50.44 14.53 

15 53.17 18.65 51.31 17.62 50.69 13.94 

16 52.71 18.55 51.44 17.03 52.40 13.86 

17 52.87 18.05 51.36 15.75 52.28 13.59 

18 52.64 17.22 51.08 16.27 N/A N/A 

19 52.79 17.17 51.31 15.95 N/A N/A 

20 52.73 16.27 51.46 15.44 N/A N/A 

Figure 17. Percent RMS DC-link current obtained by the VSI with electrolytic and film capacitors
versus motor speed.

Tables 2 and 3 are a summary of Figures 16 and 17 into a table. As mentioned earlier, the current
percent RMS in the film capacitor was larger.

Table 2. Percent RMS DC-link current obtained by the VSI with electrolytic and film capacitor at an
rpm range of 800–2000.

Speed (rpm) 800 1000 2000

Current (A) Film (%) Elect (%) Film (%) Elect (%) Film (%) Elect (%)

1 135.46 110.96 109.07 84.42 65.48 43.02
2 77.62 55.79 71.65 43.69 52.21 26.12
3 66.24 38.72 61.02 32.27 49.85 20.89
4 62.65 28.62 58.70 27.53 48.38 18.91
5 58.97 28.27 56.34 24.86 48.16 17.98
6 57.87 26.24 54.10 23.30 47.35 17.14
7 56.84 24.45 54.19 22.15 47.47 16.59
8 56.22 23.22 53.30 21.70 47.07 16.23
9 54.93 22.50 52.90 20.72 47.12 15.87
10 54.95 22.07 52.45 19.89 47.44 15.31
11 54.21 21.14 52.00 19.46 47.81 16.87
12 54.27 20.95 51.84 18.91 48.52 15.97
13 53.80 18.65 52.20 18.36 49.57 14.55
14 53.52 18.82 51.43 18.10 50.44 14.53
15 53.17 18.65 51.31 17.62 50.69 13.94
16 52.71 18.55 51.44 17.03 52.40 13.86
17 52.87 18.05 51.36 15.75 52.28 13.59
18 52.64 17.22 51.08 16.27 N/A N/A
19 52.79 17.17 51.31 15.95 N/A N/A
20 52.73 16.27 51.46 15.44 N/A N/A
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Table 3. Percent RMS DC-link current obtained by the VSI with electrolytic and film capacitor at an
rpm range of 3000–6000.

Speed (rpm) 3000 4000 5000 6000

Current (A) Film (%) Elect (%) Film (%) Elect (%) Film (%) Elect (%) Film (%) Elect (%)

1 54.90 34.64 48.15 24.90 40.10 22.41 161.07 37.82
2 46.94 20.38 41.38 15.94 36.17 14.20 45.72 16.78
3 45.56 16.73 40.55 13.19 35.07 11.76 41.89 12.00
4 45.39 15.23 42.73 11.77 35.56 10.91 49.68 14.16
5 44.22 14.67 43.06 11.95 37.17 10.35 61.32 12.36
6 44.22 14.53 41.73 11.64 39.29 9.61 N/A N/A
7 44.33 14.01 43.66 11.25 42.32 9.35 N/A N/A
8 47.45 13.75 45.07 10.81 43.04 8.85 N/A N/A
9 46.30 13.51 44.69 10.59 48.00 8.25 N/A N/A

10 46.11 13.09 46.17 9.75 46.67 8.08 N/A N/A
11 46.81 12.68 48.82 9.38 50.15 8.16 N/A N/A
12 50.30 12.24 52.15 9.12 N/A N/A N/A N/A
13 50.06 12.04 54.70 8.70 N/A N/A N/A N/A
14 55.44 11.16 58.65 8.22 N/A N/A N/A N/A
15 58.70 10.43 64.91 7.98 N/A N/A N/A N/A
16 61.82 9.96 N/A N/A N/A N/A N/A N/A
17 N/A N/A N/A N/A N/A N/A N/A N/A
18 N/A N/A N/A N/A N/A N/A N/A N/A
19 N/A N/A N/A N/A N/A N/A N/A N/A
20 N/A N/A N/A N/A N/A N/A N/A N/A

Figure 18 shows the change of current in the frequency domain as the motor current increased
at the same speed. In the case of the film capacitor, Figure 18a,c,e,g, the main component of the
current occurred at the switching frequency fsw, 2fsw, and in the case of the electrolytic capacitor,
Figure 18b,d,f,h, the main component appeared in the 2fsw. This caused the loss of the film capacitor in
a certain section to be greater than the loss in the electrolytic capacitor.
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Figure 18. Frequency spectra of the capacitor current as functions of frequency at the motor speed of
5000 rpm.

According to the Figure 19, the voltage ripple of electrolytic capacitor was (a) and the one from
film capacitor was (b). The variation of DC voltage from the electrolytic capacitor was 3 times higher
than the one from the film capacitor. This is because the capacitance of film capacitor was 8 times
smaller than that of the electrolytic capacitor.

Electronics 2020, 9, x FOR PEER REVIEW 16 of 32 

 

 

Figure 18. Frequency spectra of the capacitor current as functions of frequency at the motor speed of 

5000 rpm. 

Figure 18 shows the change of current in the frequency domain as the motor current increased 

at the same speed. In the case of the film capacitor, Figure 18a, c, e, g, the main component of the 

current occurred at the switching frequency fsw, 2fsw, and in the case of the electrolytic capacitor, 

Figure 18b, d, f, h, the main component appeared in the 2fsw. This caused the loss of the film capacitor 

in a certain section to be greater than the loss in the electrolytic capacitor. 

According to the Figure 19, the voltage ripple of electrolytic capacitor was (a) and the one from 

film capacitor was (b). The variation of DC voltage from the electrolytic capacitor was 3 times higher 

than the one from the film capacitor. This is because the capacitance of film capacitor was 8 times 

smaller than that of the electrolytic capacitor. 

Figure 20a shows the maximum voltage ripple of the DC link capacitor by current. As the current 

increased, the voltage ripple on the DC link capacitor tended to increase, and it is seen that the 

electrolytic capacitor had a larger value compared to the film capacitor. 

Figure 20b shows the RMS value of the voltage ripple of the DC link capacitor by current. As the 

current increased, the value tended to increase, and you can see that the electrolytic capacitor had a 

larger value compared to the film capacitor.  

Tables 4 and 5 show a summary of Figure 21 as a table. Figure 21 and Tables 4 and 5 show 

capacitors RMS current versus motor speed. It is seen that the RMS currents of the DC-link currents 

with the film capacitor based VSI were higher than those by the VSI with the electrolytic capacitor in 

all operating speed ranges of the IPM.  

 

(a) 
Electronics 2020, 9, x FOR PEER REVIEW 17 of 32 

 

 

(b) 

Figure 19. AC component of capacitor voltages (1 V/div, 500 μs/div) from (a) the electrolytic capacitor 

and (b) the film capacitor. 

  

(a) (b) 

Figure 20. (a) Peak-to-peak voltage of capacitor. (b) RMS value of the AC component of capacitor 

voltage obtained by the electrolytic and film capacitors versus motor currents. 

Table 4. Capacitor RMS current at a speed range of 800–2000 rpm. 

Speed (rpm) 800 1000 2000 

Current (A) Film (A) Elect (A) Film (A) Elect (A) Film (A) Elect (A) 

1 0.15 0.14 0.17 0.16 0.28 0.27 

2 0.26 0.23 0.30 0.28 0.55 0.51 

3 0.38 0.35 0.45 0.42 0.81 0.77 

4 0.51 0.59 0.60 0.56 1.10 1.03 

5 0.65 0.60 0.76 0.71 1.37 1.29 

6 0.79 0.73 0.94 0.87 1.66 1.55 

7 0.94 0.86 1.11 1.03 1.97 1.82 

8 1.10 0.99 1.30 1.19 2.26 2.09 

9 1.27 1.14 1.48 1.37 2.58 2.39 

10 1.43 1.31 1.69 1.54 2.89 2.66 

11 1.62 1.47 1.88 1.72 3.22 2.96 

12 1.79 1.62 2.10 1.91 3.54 3.23 

13 2.00 1.78 2.31 2.08 3.89 3.51 

14 2.20 1.94 2.52 2.26 4.24 3.78 

15 2.40 2.11 2.74 2.45 4.58 4.08 

16 2.61 2.29 2.94 2.64 4.95 4.35 

17 2.79 2.46 3.19 2.85 5.26 4.64 

18 2.99 2.65 3.47 3.03 N/A N/A 

19 3.22 2.83 3.67 3.22 N/A N/A 

20 3.46 3.04 3.94 3.43 N/A N/A 

Figure 19. AC component of capacitor voltages (1 V/div, 500 µs/div) from (a) the electrolytic capacitor
and (b) the film capacitor.

Figure 20a shows the maximum voltage ripple of the DC link capacitor by current. As the current
increased, the voltage ripple on the DC link capacitor tended to increase, and it is seen that the
electrolytic capacitor had a larger value compared to the film capacitor.
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Figure 20. (a) Peak-to-peak voltage of capacitor. (b) RMS value of the AC component of capacitor
voltage obtained by the electrolytic and film capacitors versus motor currents.

Figure 20b shows the RMS value of the voltage ripple of the DC link capacitor by current. As the
current increased, the value tended to increase, and you can see that the electrolytic capacitor had a
larger value compared to the film capacitor.

Tables 4 and 5 show a summary of Figure 21 as a table. Figure 21 and Tables 4 and 5 show
capacitors RMS current versus motor speed. It is seen that the RMS currents of the DC-link currents
with the film capacitor based VSI were higher than those by the VSI with the electrolytic capacitor in
all operating speed ranges of the IPM.

Table 4. Capacitor RMS current at a speed range of 800–2000 rpm.

Speed (rpm) 800 1000 2000

Current (A) Film (A) Elect (A) Film (A) Elect (A) Film (A) Elect (A)

1 0.15 0.14 0.17 0.16 0.28 0.27
2 0.26 0.23 0.30 0.28 0.55 0.51
3 0.38 0.35 0.45 0.42 0.81 0.77
4 0.51 0.59 0.60 0.56 1.10 1.03
5 0.65 0.60 0.76 0.71 1.37 1.29
6 0.79 0.73 0.94 0.87 1.66 1.55
7 0.94 0.86 1.11 1.03 1.97 1.82
8 1.10 0.99 1.30 1.19 2.26 2.09
9 1.27 1.14 1.48 1.37 2.58 2.39
10 1.43 1.31 1.69 1.54 2.89 2.66
11 1.62 1.47 1.88 1.72 3.22 2.96
12 1.79 1.62 2.10 1.91 3.54 3.23
13 2.00 1.78 2.31 2.08 3.89 3.51
14 2.20 1.94 2.52 2.26 4.24 3.78
15 2.40 2.11 2.74 2.45 4.58 4.08
16 2.61 2.29 2.94 2.64 4.95 4.35
17 2.79 2.46 3.19 2.85 5.26 4.64
18 2.99 2.65 3.47 3.03 N/A N/A
19 3.22 2.83 3.67 3.22 N/A N/A
20 3.46 3.04 3.94 3.43 N/A N/A
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Table 5. Capacitor RMS current at a speed range of 3000–6000 rpm.

Speed (rpm) 3000 4000 5000 6000

Current (A) Film (A) Elect (A) Film (A) Elect (A) Film (A) Elect (A) Film (A) Elect (A)

1 0.38 0.34 0.47 0.47 0.60 0.57 1.36 0.61
2 0.77 0.70 0.97 0.91 1.19 1.15 1.66 1.36
3 1.15 1.06 1.47 1.39 1.79 1.72 2.36 2.02
4 1.56 1.42 2.01 2.33 2.43 2.30 3.10 2.69
5 1.95 1.78 2.52 2.33 3.08 2.88 4.07 3.34
6 2.37 2.16 3.06 2.83 3.73 3.51 N/A N/A
7 2.78 2.54 3.63 3.33 4.42 4.10 N/A N/A
8 3.24 2.94 4.20 3.84 5.11 4.76 N/A N/A
9 3.67 3.34 4.76 4.36 5.89 5.35 N/A N/A

10 4.09 3.74 5.32 4.87 6.53 5.97 N/A N/A
11 4.53 4.15 5.93 5.39 7.36 6.59 N/A N/A
12 5.05 4.55 6.57 5.88 N/A N/A N/A N/A
13 5.46 4.96 7.24 6.38 N/A N/A N/A N/A
14 6.05 5.36 7.97 6.86 N/A N/A N/A N/A
15 6.60 5.74 8.84 7.35 N/A N/A N/A N/A
16 7.18 6.12 N/A N/A N/A N/A N/A N/A
17 N/A N/A N/A N/A N/A N/A N/A N/A
18 N/A N/A N/A N/A N/A N/A N/A N/A
19 N/A N/A N/A N/A N/A N/A N/A N/A
20 N/A N/A N/A N/A N/A N/A N/A N/A
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3.4. Characteristics of Losses and Junction Temperatures of Two Capacitors Used in Electric
Compressor Systems

Capacitor losses can be calculated with the ESR values ESR( fi) and the capacitor currents Iac( fi)
in the same frequency as

Loss =
∑

ESR( fi) × I2
ac( fi) (2)

Figure 22 illustrates losses resulted from the electrolytic capacitor and the film capacitor installed
in the VSI for the electric compressor systems, versus motor currents and motor speeds. It is seen that
both losses of the two capacitors were proportional to the motor speeds as well as the motor currents.
For all operational regions, the losses in electrolytic capacitor were higher than the film cap. However,
in the other area of motor current 11 A or more and motor speed 5000 rpm or more, different results
are shown. This will be described at the next section.
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Comparative results of losses in the two capacitors used in the electric compressor systems are
depicted in Figure 23. The losses of the film capacitors were smaller than those of the electrolytic
capacitors for most of the operating regions considered in the electric compressor systems, due to the
smaller ESR values. For electrolytic capacitors, the loss decreased in the section where the speed of the
motor was above about 3000–4000 rpm as it is shown Figure 23m. Over this region, the loss of film
capacitors became greater. This can be seen at Figure 23m–s. This is related to what was mentioned in
Figure 19 above. Tables 6 and 7 shows comparative results of losses in the two capacitors at a speed
range of 800–2000 rpm and 3000–6000 rpm, respectively, where losses increase with increasing speed.

The junction temperatures of the two capacitors can be estimated with the power losses of the
capacitors and the thermal resistances.

Tcase = Tamb + Rth ×
∑

ESR( fi) × I2
ac( fi) (3)

The heat generated by the capacitor can be estimated through Equation (3). Equation (3) is
represented in [19]. Tcase is the surface temperature of the capacitor, Tamb is the ambient temperature
and it was assumed to be 25 ◦C and Rth is the thermal resistance of the capacitor. In the case of the
thermal resistance of the film capacitor, in order to find out the difference between the electrolytic
capacitor and the film capacitor, the thermal resistance of the film capacitor having a volume similar to
that of the electrolytic capacitor was selected. Thermal resistance of the film capacitor is represented
on its datasheet [17]. In the case of electrolytic capacitors, the volume of the parameter determining
the thermal resistance is the main [20], so the data of the application note [21] can be used.
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Table 6. Comparative results of losses in the two capacitors at a speed range of 800–2000 rpm.

Speed (rpm) 800 1000 2000

Current (A) Film (mW) Elect (mW) Film (mW) Elect (mW) Film (mW) Elect (mW)

1 0.25 1.99 0.25 1.95 0.30 2.28
2 0.32 2.64 0.35 2.60 0.55 3.58
3 0.44 3.34 0.51 3.46 0.95 5.59
4 0.60 5.95 0.72 4.88 1.54 8.54
5 0.83 6.09 1.01 6.68 2.28 12.52
6 1.12 7.91 1.38 9.09 3.16 16.72
7 1.48 9.82 1.84 11.85 4.37 21.75
8 1.91 12.00 2.39 15.31 5.66 27.72
9 2.41 15.10 3.04 18.69 7.31 34.62
10 3.02 19.38 3.83 22.13 9.24 40.27
11 3.73 22.54 4.68 26.55 11.52 60.66
12 4.55 27.20 5.72 30.93 14.23 65.01
13 5.54 26.32 6.95 35.12 17.66 64.16
14 6.59 32.20 8.05 40.56 21.54 74.29
15 7.76 37.55 9.51 45.32 25.29 79.69
16 9.03 43.97 10.97 49.72 30.97 90.05
17 10.36 48.44 12.80 50.00 34.85 98.81
18 11.77 51.98 14.98 60.65 N/A N/A
19 13.70 59.61 16.88 66.60 N/A N/A
20 15.81 62.69 19.62 71.93 N/A N/A

Thermal resistance of the electrolytic and film capacitor from the junction of the capacitor to the
case was 8.62 (◦C/W) and 22.72 (◦C/W), respectively.

Figure 24 is plotted by using Equation (3). Figure 24 shows the heat generated by the film capacitor
and the electrolytic capacitor and is drawn as functions of the motor current. As it is studied in
Figure 24, the heat generated by the film cap in the region where the speed and current were increased
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became larger than the heat generated by the electrolytic cap. That region is shown at Figure 24c when
the motor current was larger than 13 A at motor speed 3000 rpm. The current value at this intersection
became lower as the motor speed increased. This is shown on Figure 24d,e.

Tables 8 and 9 show a summary of Figures 24 and 25. Figure 25 is plotted by using Equation
(3). As shown in Figure 25 and Tables 8 and 9, in the low-speed, low-current region, heat generation
was insignificant, but the higher the speed, the higher the heat generated in both capacitors. As it is
studied in Figure 24, the heat generated by the film cap in the region where the speed and current were
increased became larger than the heat generated by the electrolytic capacitor. That region is shown
at Figure 25f when the motor speed was higher than 4000 rpm at the motor current that was 7 A.
The speed value at this intersection would get lower as the motor current gets larger.
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Table 7. Comparative results of losses in the two capacitors at a speed range of 3000–6000 rpm.

Speed (rpm) 3000 4000 5000 6000

Current (A) Film
(mW)

Elect
(mW)

Film
(mW)

Elect
(mW)

Film
(mW)

Elect
(mW)

Film
(mW)

Elect
(mW)

1 0.34 2.56 0.39 2.68 0.44 3.50 9.79 14.59
2 0.78 4.31 0.97 4.66 1.12 6.17 3.87 15.31
3 1.50 7.14 1.95 7.78 2.22 9.80 6.23 16.30
4 2.61 10.95 3.78 18.14 4.02 15.28 14.19 45.63
5 3.83 16.29 5.95 18.70 6.80 21.86 38.34 54.10
6 5.55 23.75 8.24 26.50 10.91 28.31 N/A N/A
7 7.58 30.67 12.35 34.48 17.23 36.63 N/A N/A
8 11.38 39.84 17.39 42.38 23.61 45.19 N/A N/A
9 14.01 49.98 21.89 52.87 37.81 49.51 N/A N/A

10 17.27 59.07 28.77 55.80 44.33 60.89 N/A N/A
11 21.68 68.27 39.10 63.60 62.82 79.43 N/A N/A
12 29.93 76.90 53.07 71.61 N/A N/A N/A N/A
13 34.71 88.42 69.48 77.23 N/A N/A N/A N/A
14 49.79 88.85 93.32 79.68 N/A N/A N/A N/A
15 64.59 89.22 132.44 87.34 N/A N/A N/A N/A
16 82.10 92.98 N/A N/A N/A N/A N/A N/A
17 N/A N/A N/A N/A N/A N/A N/A N/A
18 N/A N/A N/A N/A N/A N/A N/A N/A
19 N/A N/A N/A N/A N/A N/A N/A N/A
20 N/A N/A N/A N/A N/A N/A N/A N/A

Table 8. Heat generation by the electrolytic and film capacitor at a speed range of 800–2000 rpm.

Speed (rpm) 800 1000 2000

Current (A) Film (◦C) Elect (◦C) Film (◦C) Elect (◦C) Film (◦C) Elect (◦C)

1 25.01 25.02 25.01 25.02 25.01 25.02
2 25.01 25.02 25.01 25.02 25.01 25.03
3 25.01 25.03 25.01 25.03 25.02 25.05
4 25.01 25.05 25.02 25.04 25.03 25.07
5 25.02 25.05 25.02 25.06 25.05 25.11
6 25.03 25.07 25.03 25.08 25.07 25.14
7 25.03 25.08 25.04 25.10 25.10 25.19
8 25.04 25.10 25.05 25.13 25.13 25.24
9 25.05 25.13 25.07 25.16 25.17 25.30

10 25.07 25.17 25.09 25.19 25.21 25.35
11 25.08 25.19 25.11 25.23 25.26 25.52
12 25.10 25.23 25.13 25.27 25.32 25.56
13 25.13 25.23 25.16 25.30 25.40 25.55
14 25.15 25.28 25.18 25.35 25.49 25.64
15 25.18 25.32 25.22 25.39 25.57 25.69
16 25.21 25.38 25.25 25.43 25.70 25.78
17 25.24 25.42 25.29 25.43 25.79 25.85
18 25.27 25.45 25.34 25.52 N/A N/A
19 25.31 25.51 25.38 25.57 N/A N/A
20 25.36 25.54 25.45 25.62 N/A N/A
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Figure 25. Heat generation by the electrolytic and film capacitor as functions of the motor speed.

Table 9. Heat generation by the electrolytic and film capacitor at a speed range of 3000–6000 rpm.

Speed (rpm) 3000 4000 5000 6000

Current (A) Film
(◦C)

Elect
(◦C)

Film
(◦C)

Elect
(◦C)

Film
(◦C)

Elect
(◦C)

Film
(◦C)

Elect
(◦C)

1 25.01 25.02 25.01 25.02 25.01 25.03 25.22 25.13
2 25.02 25.04 25.02 25.04 25.03 25.05 25.09 25.13
3 25.03 25.06 25.04 25.07 25.05 25.08 25.14 25.14
4 25.06 25.09 25.09 25.16 25.09 25.13 25.32 25.39
5 25.09 25.14 25.14 25.16 25.15 25.19 25.87 25.47
6 25.13 25.20 25.19 25.23 25.25 25.24 N/A N/A
7 25.17 25.26 25.28 25.30 25.39 25.32 N/A N/A
8 25.26 25.34 25.40 25.37 25.54 25.39 N/A N/A
9 25.32 25.43 25.50 25.46 25.86 25.43 N/A N/A

10 25.39 25.51 25.65 25.48 26.01 25.52 N/A N/A
11 25.49 25.59 25.89 25.55 26.43 25.68 N/A N/A
12 25.68 25.66 26.21 25.62 N/A N/A N/A N/A
13 25.79 25.76 26.58 25.67 N/A N/A N/A N/A
14 26.13 25.77 27.12 25.69 N/A N/A N/A N/A
15 26.47 25.77 28.01 25.75 N/A N/A N/A N/A
16 26.87 25.80 N/A N/A N/A N/A N/A N/A
17 N/A N/A N/A N/A N/A N/A N/A N/A
18 N/A N/A N/A N/A N/A N/A N/A N/A
19 N/A N/A N/A N/A N/A N/A N/A N/A
20 N/A N/A N/A N/A N/A N/A N/A N/A

4. Conclusions

This paper presented comprehensive comparisons and evaluations of electric compressors with
two types of DC-link capacitors. Based on a 5 kW IPM motor drives and a VSI with a nominal DC
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voltage of 360 V for electric compressors, performances with electrolytic and film capacitors have been
evaluated by experimental tests. Generally, the electric compressor system with the film capacitor based
VSI showed better performance in comparison with the electric compressor system of the VSI with
the electrolytic capacitor. The electric compressor system with the film capacitor based VSI showed
lower power losses and lower peak-to-peak voltage fluctuation, and lower RMS values of DC-link
voltage, than that with the electrolytic capacitor based VSI. However, the electric compressor system
with the film capacitor exhibited higher percent RMS current value in the DC-link, in comparison with
the electrolytic capacitor. This is because the capacitance of the film capacitor was about 10% of that of
the electrolytic capacitor.
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