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ABSTRACT 

Extreme climate events have significantly increased 

over the past decade in many regions, leading to the 
increase in efforts to understand the influence of 

climate change on the electrical equipment and the 

grid. According to the unprecedented observational 
temperature records, the operational characteristic of 

distributed individual electrical devices, such as air 

conditioners, has become a concern to power utilities, 
for the power quality problems generated by the 

inverters. Although these devices are guaranteed that 
the harmonic is below the limit of IEEE 519-2014 

standard, there is no test showing their power quality 

status under extreme climate events. In this paper, the 
experimental evaluation of inverter-driven air 

conditioners in an enthalpy difference lab is provided 

under extreme temperature environments compared 
with current standards. The monitoring method of such 

distributed residential devices is also given to analyze 
the power quality status.  
Keywords: Power quality, experimental evaluation, air 

conditioner, climate change. 

INTRODUCTION 

Climate change has already been an important issue for 

both government and industry. China recently announced 

its national emissions trading scheme to advance the 

portfolio of climate change [1], During 2013, China 

experienced a hot summer, while various power utilities 

announced the highest history power load record. In 2017, 

the long hot summer came again, leading to frequent 

operation of air conditioners by both residential and 

industrial users. As a typical metropolitan all over the 

world, Shanghai has a steady strong grid to support the 

peak load over 30GW, while air conditioners account for 

almost 40% of the peak load [2]. 

Along with the rapid development of electronic 

technology in recent years, more and more individual 

devices become sensitive to the power quality problems, 

including harmonic and voltage dip. The major utility in 

Shanghai started to receive complaint calls from residents 

regarding power quality issues ever since 2013, and the 

number keeps increasing in 5 years. Thus, there is an 

urgent need for utilities to control and monitor the power 

quality status of those devices that are able to impact 

residential customers. Because the inverters, which are 

responsible for harmonic pollution, are widely used in air 

conditioners, the power quality status of inverter-driven 

air conditioners is of concern to utilities. 

On the other hand, the production of air conditioners is 

required to follow IEC 61000-3-2 standard [3], which is 

updated to edition 5.0 in 2018. However, the temperature 

requirement of the harmonic test for air conditioners in 

this standard is still 30℃±2℃ and 15℃±2℃, which 

cannot fulfill the real situation of extreme climate that the 

current world frequently meets. It is also well known that 

the temperature significantly impacts the performance of 

an air conditioner. The test limitation of the standard 

implies that the industry is unclear about the harmonic 

performance of inverter-driven air conditioners under 

ultra-high or ultra-low temperature environments. 
Based on the statistical analysis on temperature 

changes in Shanghai in recent years, this paper discusses 

the experimental evaluation and monitoring for power 

quality status of inverter-driven air conditioners. 

According to various power quality tests in the enthalpy 

difference lab under extreme-temperature circumstances, 

the paper also analyzes the harmonic and voltage dip 

performance of inverter-driven air conditioners. Further, 

the paper compares the test results with IEC 61000-3-

2:2018, and also analyzes the limits of this standard under 

current climate condition. Finally, the paper builds a 

systematic view of power quality monitoring for a large 

number of distributed air conditioners. 

RELATED WORK 
The popularity of techniques such as frequency 

inverters for the household electrical appliances leads to 

the harmonic problems at both industrial and residential 

sides. The total harmonic voltage (THD) in the power 

grid is the consequence of all harmonic sources, which is 

responsible for the complicated harmonic environment in 

the distribution network. Most of the research in terms of 

harmonic pollution mainly focuses on harmonic detection, 

monitoring and management [4]. Nevertheless, there is 

little work regarding experimental analysis for power 

quality pollution of frequency-conversion electrical 

appliances in different environment. Most of the existing 

research discusses the mathematical modelling and 

simulation of power quality problems of inverter-driven 

air conditioners [5]. Koyama provides the measurement 

results of the harmonics generated by inverter-driven air 

conditioner which is based on PWM [6], but the 

experimental temperature is stable instead of variable. 

Some other papers claim that the extreme high 
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temperature is possible to affect the characteristic of 

inverter-driven air conditioner, but the corresponding test 

data is still blank. 

CLIMATE CHANGE 

Although China has experienced four processes of 

cold-warm-cold-warm loop, a significant upward trend in 

temperature is observed in this country due to the climate 

change. Since 2000, the temperature in China has 

gradually increased, and the annual average temperature 

has increased by 0.5-0.8℃ [7], leading to the frequent 

observation of the extreme high temperature.  

The rising temperature causes the higher electricity 

load. In 2017, China experienced a long hot summer and 

a long cold winter, while many utilities announced the 

highest records of power load in history. Dealing with 

such extreme climatic environments, the air conditioners 

are widely used by both residential and industrial users. 

Shanghai power grid hit the highest winter load record of 

25630MW in January as well as the all-time highest load 

of 31856MW in August, while the 40% of the peak load 

comes from air conditioners, most of which are driven by 

frequency inverters. According to the statistical data of 

weather station in downtown Shanghai from 2003 to 

2017, the temperature change is shown in Table 1. 

Table 1. The ultra- high temperature in Shanghai 

Year 
The highest 

temperature ℃ 

Days with extreme high 

temperature (≥35℃)  

Times of continuous 

high temperature 

2003 39.0  39 N/A 

2004 38.0  25 N/A 

2005 39.0 31 N/A 

2006 38.6 27 N/A 

2007 39.6 30 N/A 

2008 38.8 22 N/A 

2009 40.0 33 N/A 

2010 39.3 24 4 

2011 38.3 12 1 

2012 38.0 23 3 

2013 40.8 45 5 

2014 36.8 20 3 

2015 38.7 19 3 

2016 39.9 41 5 

2017 39.9 44 5 

 

The trend of rising temperature over past ten years is 

shown in the table above. There are less than 12 days 

when the temperature is over 35℃ in 2011, whereas there 

are 44 days with extreme high temperature in 2017. Due 

to other factors such as the urban heat island effect, the 

temperature of an air conditioner is more likely to be 

higher than the local atmospheric temperature, showing 

the importance of experimental evaluation of lab-test for 

air conditioners under an ultra-high temperature 

environment. 

INVERTER-DRIVEN AIR CONDITIONER 

Air conditioners are normally divided into two 

categories: a) inverter-driven air conditioner and b) 

constant-speed air conditioner. An inverter-driven air 

conditioner changes the working frequency of the air 

compressor by an inverter to adjust the rotate speed of the 

air compressor, finally controlling the refrigerating output. 

As the frequency rises, the rotate speed of the air 

compressor increases, so as the flow and the refrigerating 

output. On the other hand, the frequency decreases, the 

rotate speed of air compressor decreases, so as the flow 

and the refrigerating output. Because of the excellent heat 

preservation, inverter-driven air conditioners can increase 

the comfort level in a room of 10 to 20 square meters. As 

a result, the market share of inverter-driven air 

conditioners gradually rises in recent years. 

However, as a nonlinear load, the air compressor in an 

inverter-driven air conditioner generates harmonic 

pollution during its working process. Generally, a single-

phase powered inverter-driven air conditioner, supplied 

by less than 5kW, adopts AC-DC-AC transformation. 

While the AC input rectifies to DC, the air compressor 

usually produces large harmonic current without power 

factor correction. 

EXPERIMENTAL METHOD 

Experimental Environment 

This paper chooses a typical inverter-driven air 

conditioner, Midea KFR split, as the test prototype, 

which is supplied by single-phase power. The current 

in standard condition is 5.2A; the maximum input 

current is 13.7A; the power in standard condition is 

1.09kW. The maximum input power is 2.89kW and the 

rated input power of the air condition compressor is 

1.1025kW. 

 
Figure 1. The experimental environment  

Shown in Fig. 1, the air conditioner is tested in an 

enthalpy difference lab. This lab consists of two same 

rooms (3.9m*3.5m*3.5m), in which the air humidity and 

temperature can be kept as constant values. Two constant 
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temperature rooms can set the working environment of 

outside units and indoor units of split type air-

conditioners respectively, with parameters as follows: air 

volume < 4000m3/h refrigerating output < 25000W; 

heating output < 36000W. The power quality background 

is analyzed before the test, showing that the THD is 

2.44%; the maximum phase voltage is 224.1V; the 

minimum phase voltage is 222.86V; the maximum 

voltage deviation is +1.9%. The values of these indices 

are under the limit of IEEE 519-2014 [8], in which the 

total harmonic current (THC) is given by: 

40

2
THC nn

I


 
 
(1), 

where In is the harmonic current of n-th order. After 

connecting a 90Ω resistance to the tested grid, the 

measured THC of the point of common coupling (PCC) 

is only 0.057A. 

The power quality evaluation is operated in three 

scenarios, where the outdoor and indoor temperature 

can be fully controlled. 

Test Method 

The inverter-driven air conditioner is tested for a long 

duration by a FLUKE 1760 power quality analyzer, and 

the sampling window is set to 200ms. The test results are 

continuously recorded in the analyzer every 3 seconds. 

The 380V bus is only connected to this air conditioner 

during the test. According to the dry and wet bulb 

temperature, the air enthalpy of the input draught and the 

output draught can be found in the chart. The air volume 

G is processed by indoor unit. Thus the refrigerating 

output (heating output) Q of this air conditioner is given 

as follows: 

1 2Q= ( )G h h   (2), 

where ρ is the air density. The following scenarios are 

designed to evaluate the power quality of the air 

conditioner, and the targeted temperature of the air 

conditioner is set to 20℃. 

Scenario 1: the initialized outdoor and indoor 

temperature is a constant value of 30℃; . 

Scenario 2: the initialized outdoor and indoor 

temperature is a constant value of 35℃; 

Scenario 3: the initialized outdoor and indoor 

temperature is a constant value of 40℃. 

These three scenarios respectively denote the normal, 

high and ultra-high temperature environments in the 

evaluation. To simulate the actual outdoor temperature, 

the outdoor unit of the inverter-driven air conditioner is 

located at the outdoor side of the enthalpy difference lab, 

where the outdoor temperature is set to a constant value 

by a temperature regulator. This value is only tuned when 

the scenario changes. Meanwhile, the indoor unit is 

located at the indoor side, where the starting temperature 

is the same as the outdoor temperature. The targeted 

temperature of the air conditioner is set to 20℃, ensuring 

continuous working of the air conditioner. 

EXPERIMENTAL EVALUATION 

Standard Limit 

According to the limit given by IEEE 519 standard, the 

THD of 380V bus should be no more than 5%. The odd-

order and the even-order harmonic ratio should be no 

more than 4% and 2%. The tested air conditioner is a 

household electric appliance, and the rated current is less 

than 16A. According to IEC 61000-3-2 standard, it is 

recognized as class A equipment. In a normal test 

environment (between 28℃ and 32℃ under cooling 

mode), the allowable limits of each order of harmonic 

currents are shown in Table 2. 

Table 2. The limit of harmonic current 

Order of 

harmonic 

Limits of harmonic 

current /A 

Order of 

harmonic 

Limits of harmonic 

current /A 

2 1.08  21 0.11  

3 2.30  22 0.08  

4 0.43  23 0.10  

5 1.14  24 0.08  

6 0.30  25 0.09  

7 0.77  26 0.07  

8 0.23  27 0.08  

9 0.40  28 0.07  

10 0.18  29 0.08  

11 0.33  30 0.06  

12 0.15  31 0.07  

13 0.21  32 0.06  

14 0.13  33 0.07  

15 0.15  34 0.05  

16 0.12  35 0.06  

17 0.13  36 0.05  

18 0.10  37 0.06  

19 0.12  38 0.05  

20 0.09  39 0.06  

Harmonic Impact of the Air Conditioner 

Because the main harmonics generated by the air 

conditioner are of odd-orders, we demonstrate the main 

odd-order harmonic ratios of 380V bus before and after 

the test in Table 3. It is obvious that the harmonic ratio 

measured at the PCC point of 380V bus jumps to a high 

level when the air conditioner is in use. Since the air 

conditioner is the only load connected to the bus, it can 

be concluded that the changing harmonic voltage on the 

bus is generated by the operating air conditioner. 

According to Table 3, the ratio of harmonic voltage 

rises gradually from scenario 1 to scenario 3, implying 

that the harmonic voltage generated by the inverter-

driven air conditioner increases as the temperature goes 

up. Each ratio of harmonic voltage is under the limit of 

the IEEE 519 standard before the test. However, in 

scenario 1, ratios of the 3rd and 15th harmonic voltage 
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are close to the limit, while they increase sharply, 

exceeding the standard limit in scenario 2 and 3. 

Table 3. The harmonic voltage ratio of the 380V bus 

Order of harmonic 
Before test 

/% 

Scenario 1 

/% 

Scenario 2 

/% 

Scenario 3 

/% 

3 1.78 5.83 7.54 8.26 

5 0.30 1.92 2.62 2.70 

7 0.26 1.49 1.69 1.76 

9 0.94 1.98 2.12 2.33 

11 0.26 0.55 0.83 1.13 

13 0.25 2.33 2.43 2.46 

15 0.40 5.08 5.62 5.76 

17 0.13 2.82 4.03 4.64 

 

Fig. 2 shows the trend of THD ratio and THC ratio in 

three different scenarios. The value of THD ratio of the 

380V bus increases as the temperature rises, exceeding 

the limit of IEEE 519 standard in all three scenarios, 

which are respectively 5.4%, 7.6% and 8.2%. However, 

the value of THC ratio decreases when the temperature 

goes up. Actually, the THC values measured in three 

scenarios are respectively 1.33A, 1.69A and 1.86A, in 

accordance with the expectation that harmonic current 

increases for hotter environments. However, the air 

compressor needs more power to regulate the indoor 

temperature in the higher temperature environment. Thus, 

the fundamental currents in three scenarios also increase 

when the value of temperature rises. As a result, the ratio 

of THC decreases. 

 
Figure 2. THD ratio of the 380V bus 

Table 4 demonstrates that the average harmonic 

currents also increase in the hotter environment.  

Meanwhile, it can be noticed that the average value of 

15th and 17th harmonic currents are under the limit of 

IEC 61000 standard under 30℃ environment, implying 

that the operating parameters of this air conditioner 

follow the production requirement. However, the average 

value of 15th and 17th harmonic currents exceed the limit 

under both 35℃ and 40℃ environment. In other words, 

although air conditioners are produced following IEC 

61000 standard, they cause higher harmonic voltage and 

result in serious harmonic pollution under the ultra-high 

temperature environment. The data also reflects that this 

IEC standard has faced the limitation under the climate 

change reality at present. 

Table 4. The harmonic current of the 380V bus 

Order of harmonic Limit /A 
Scenario 1 

/A 

Scenario 2 

/A 

Scenario 3 

/A 

3 2.30 1.14 1.49 1.66 

5 1.14 0.27 0.38 0.40 

7 0.77 0.23 0.24 0.25 

9 0.40 0.15 0.23 0.25 

11 0.33 0.06 0.09 0.11 

13 0.21 0.17 0.18 0.19 

15 0.15 0.15 0.29 0.33 

17 0.13 0.10 0.21 0.23 

THC in Time Domain 

Fig. 3-5 respectively shows the results of THC in 

time domain in scenarios 1, 2 and 3. We can find that 

the THC value rapidly increases as the air conditioner 

starts running. This value will keep at a stable level of 

±30% to the average value for a long duration.  

 
Figure 3. THC in time domain in scenarios 1 

 
Figure 4. THC in time domain in scenarios 2 

In scenario 1, as the temperature is relatively low, 

the THC curve is smooth, with the maximum value 

1.6A, and two peaks appear when the air compressor 
works. Thus, this air conditioner can relatively easily 

control the indoor temperature in a stable value under 
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the normal temperature scenario. While in scenario 2, 

the air compressor is in high-speed period in the initial 

10 minutes, and the value of THC reaches the peak in 

this period, at about 2.1A. After that, the compressor 

still runs for about 3 minutes, but the peak value of 

THC in this period is much less than the first period. 

From then on, the THC curve becomes smooth. In 

scenario 3, due to the higher temperature value, the air 

compressor is always operating. Thus the THC curve 

has a number of peaks, mostly appearing in the initial 

20 minutes of the starting stage with the maximum 

value of 2.5A, more than in scenario 1 and 2. 

 
Figure 5. THC in time domain in scenarios 3 

POWER QUALITY MONITORING 

To monitor the power quality status of distributed 

air conditioners, a wide-area power quality monitoring 

system (shown in Fig. 6) is introduced, from which we 

can monitor the trend of harmonic pollution of air 

conditioners in both hot and cold seasons. 

 
Figure 6. Power quality monitoring of distributed users 

By long-term monitoring the harmonic pollution of 

the distributed users, the system can provide a big data 

analysis to check the mutual relationship among air 

conditioners and new energies. Fig. 7 is an example 

where the THD of a 10kV substation in August 2018 is 

given. Locating in downtown Shanghai, this substation 

is built for a car-charging station as well as hundreds 

of residents. The THD curve in a whole month reveals 

the positive correlation with the temperature curve in 

summer, implying that the harmonic pollution here 

mainly comes from air conditioners, most of which are 

driven by inverters, instead of charging piles. 

 
Figure 7. Power quality status of a 10kV substation 

CONCLUSIONS 

The paper presents that the inverter-driven air 

conditioners generate more harmonic current under 

ultra-high temperature environment by measured data, 

proving that the IEC 61000-3-2:2018 standard has its 

own limitation towards climate change. The results of 

harmonic current in time domain demonstrate that the 

air compressor is more unstable with more peaks in 

THC curve when the outdoor environment is hotter. 

The long-term systematic monitoring of distributed air 

conditioners is also proved to be a valid method to 

control the power quality pollution. 
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