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Abstract – This paper describes the loss analysis based on load conditions of the air conditioning 
compressor motors using variable dc-link voltage. The losses of PMSM (Permanent Magnet 
Synchronous Motor) should be analyzed by the PWM (Pulse Width Modulation) output of inverter. 
The harmonic loss by the PWM cannot consider that using the current source analysis of the inverter. 
In addition, when the voltage of dc-link is variable with the condition of variable speed and load 
conditions in motor, the losses of motor are also changeable, however it is hard to analyze those losses 
by only electromagnetic finite element method (FEM). Therefore, this paper proposes the analysis 
method considering the carrier frequency of the inverter and the varying state of the dc-link voltage 
through the FEM-control coupled analysis. Using proposed analysis method, additional core loss and 
eddy current loss of permanent magnet caused by PWM could be analyzed. Finally, the validity of the 
proposed analysis method is verified through the comparison the result of coupled analysis with 
experiment. 
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1. Introduction 
 
With the increasing prevalence with air conditioner, 

usage of PMSM compressor that has advantage of variable 
speed operation is becoming common in tandem with 
variable temperature condition, operating in cooling and 
heating and reinforcement of efficiency restraint. The 
PMSM for air conditioner should be satisfied with torque 
and rpm conditions required for compressor operation. In 
variable speed operation range, efficiency deterioration 
should be avoided. However, it is difficult for electric 
motor to get high efficiencies both in low speed and in high 
speed within the given designing conditions. 

To determine various kinds of design point, firstly the 
number of active coils should be determined according to 
speed, voltage limit and current limit in PMSM. Torque 
condition is also important and maximum torque is 
changeable by the variation of speed and the flux 
weakening control. Accordingly, as shown in Fig. 1, the 
design point is to be determined in the maximum speed in 
the rated load conditions, and the size, the number of coils 
are also to be determined. 

As the most common operating range is actually placed 
in light load area in Fig 1, the maximum point of system 
efficiency should be placed in a slow speed range. To get 
good efficiency in light load, variable dc-link voltage is 

one of solutions. Variable dc-link voltage changed PWM 
voltage of inverter and PWM is input signal of motor. 
PFC changed dc-link voltage and it is shown in Fig. 2. 
Whenever load condition is changed, optimal PWM enable 
to get good efficiency in low speed and high speed in 
PMSM. However, it is difficult to analyze the harmonic 
loss of PWM by using electromagnetic finite element 
method [2]. 

In this paper, the loss analysis of PMSM for the 
compressor is performed according to the load condition 
using variable dc-link voltage. In order to verify the effect 
of using variable dc-link voltage, this paper proposes the 
method that connected the finite element method of 
electromagnetic field and control algorithm. In general, 
this analysis is called the FEM-Control coupled analysis. 
Through this coupled analysis, the analysis of harmonic 
loss is performed, and then via this analysis, the range of 
efficiency fluctuation by variable dc-link voltage is 
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Fig. 1. Operating curve of IPMSM for air conditioner. 
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predicted. Finally, the validity of proposed method is 
verified by designed motor operation test. 

 
 

2. The Cause of Harmonic Loss and Design 
Specifications of PMSM 

 
2.1 The consideration of additional losses in PMSM 

 
Most PMSM is operated by PWM inverter that makes 

current ripples due to switching. Three kinds of losses 
caused by this current ripple are as follows. 

Firstly, in the core of stator and rotor, the hysteresis loss 
and eddy current loss is generated. It can be expressed as 
shown in (1), hence it is obvious that the hysteresis loss is 
proportional to the harmonic order, and eddy current loss is 
proportional to the square of the harmonic order [1]. 
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The Ke is constant of the eddy current loss and Kh is 

constant of the hysteresis loss; D is the density of the core; 
f is the fundamental electrical frequency; Br,n is flux density 
of radial component; Bθ,n is flux density of tangential 
component; direction; n is harmonic order in (1). 

Secondly, in case of the using NdFeb magnet that 
include the conductivity, the eddy current loss is generated. 
It can be expressed as shown in (2) and it is proportional to 
the square of the harmonic current density Jn in the 
permanent magnet. 
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The σ is conductivity of permanent magnet; Wmag is eddy 

current loss in magnet; Jn is harmonic current density in (2). 
Finally, there is an additional current ripple due to the 

difference of the dc-link voltage and the output voltage. 
This phenomenon eventually gives the greatest effect on 
the core loss and permanent magnet loss that is mentioned 

before. If the inductance L of the motor is same, the current 
ripple can be determined due to the difference of the Vout 
output voltage and dc-link voltage of the inverter as shown 
in (3). 

 

 dc outL V Vdi
dt L

−
=  (3) 

 
2.2 The design specifications of IPMSM for variable 

dc-link voltage 
 
Fig. 3 shows the shape of IPMSM (Interior Permanent 

Magnet Synchronous Motor) for variable dc-link voltage. 
The V shape of the flux concentration type is adapted in 
order to increase the torque density. Table 1 summarizes 
the design specifications of the IPMSM. As shown in the 
table, rated speed 3,850 rpm keeps with output charac-
teristics of 10.5Nm and the maximum speed 6,600rpm 
keeps the output characteristics of 8.5Nm. In addition, the 
dc-link voltage is designed to have maximum 400Vdc in 
rated range. 

 
 

3. FEM-control Coupled Analysis 
 

3.1 Configuration of FEM-control coupled analysis 
 
To perform FEM-control coupled analysis, d, q-axis 

current PI (Proportional Integral) controller that considered 

EMI
Filter PFC Inverter

Fig. 2. A circuit diagram of dc-link voltage variable for air 
conditioner. 

Table 1. Specifications of IPMSM 

 Value Unit 
Continuous Power / Torque 3.1/ 8.5 kW / Nm
Maximum Power / Torque 5.9/ 10.5 kW/ Nm 

Outer Diameter 140 mm 
Stack Length 70 mm 

Base Speed / Max. Speed 3,480 / 6,600 rpm  
Current Density(Rated/Max) 4/6.3 A/mm2 

Magnet(NdFeB) 1.16(110℃) T 
Operating Temp. 110 ℃ 

Cooling Liquid (Cooling oil)  
 

 
Fig. 3. The shape of IPMSM for variable of dc-link voltage.
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back EMF (ElectroMotive Force) conversion compensation 
and anti-windup is constructed and the SVPWM control 
method is used [4]. In addition, Vdc has the range from 
270Vdc to 380Vdc. The range of voltage is defined to get 
minimum deriving torque and considered dielectric 
strength of semiconductor device and DC-link capacitor. 
For the analysis, the motor speed is in a low speed range 
from 1000 to 3000rpm with 2000rpm unit [5, 6]. 

During analysis, each current PI control gain values are 
set equal and the other parameters are determined in the 
same value. 

 
3.2 The comparison of current source analysis depend 

on load condition with result of FEM-control 
coupled analysis 

 
Analysis conditions and analysis results are presented in 

Table 2, Table 3, and Table 4. The loss due to each of the 
Vdc is compared to 2000rpm unit. In case of the current 
source analysis, assuming that independent from dc-link 
voltage and constant current is given to input of the motor, 
the results is shown in Table 2. When compared this with 
the loss values in Table 3 and 4, it is obvious that the 
harmonic loss is not taken into account. 

In case of core loss by the dc-link voltage changing, the 
eddy current loss is small by thin laminating. Hence 
additional loss deviation according to the dc-link voltage is 
seen that the 143% in 270Vdc and 3000rpm. This is 
because the hysteresis loss of the majority of the core loss 
is proportional to the harmonic order. In case of the eddy 
current loss in the permanent magnet, the loss deviation is 
larger than core loss in accordance with the dc-link voltage, 
the reason can be seen that the loss becomes large in 
proportion to the square of the harmonic order of the 
current density of the permanent magnet. 

Table 2. Result of current source analysis 

Current Source 1,000 rpm 3,000 rpm 3,480 rpm 
Reference Iq 11.1A 
Reference Id 3.4A 

Average Torque 8.67Nm 8.64Nm 8.63Nm 
Torque Ripple 21.1% 20.58% 20.60% 
Copper Loss 47.63W 

Core Loss 7.78W 33.70W 41.97W 
Magnet Loss 0.05W 0.48W 0.67W 

Efficiency 94.24% 97.07% 97.21% 

 
Table 3. Result of 270Vdc coupled analysis 

270Vdc 1,000 rpm 3,000 rpm 3,480 rpm 
Reference Iq 11.1A 
Reference Id 3.4A 

Average Torque 8.74Nm 8.98Nm 
Torque Ripple 23.35% 22.81% 
Copper Loss 48.46W 48.13W 

Core Loss 32.6W 48.3W 
Magnet Loss 1.1W 1.3W 

Efficiency 91.76% 96.54% 

Not 
Operating 

Range 

 
Table 4. Result of 380Vdc coupled analysis 

380Vdc 1,000 rpm 3,000 rpm 3,480 rpm 
Reference Iq 11.1A 
Reference Id 3.4A 

Average Torque 8.74Nm 8.69Nm 8.67Nm 
Torque Ripple 24% 23.69% 23.51% 
Copper Loss 48.54W 48.29W 48.25W 

Core Loss 55.3W 70.2W 75.9W 
Magnet Loss 2.3W 2.3W 2.4W 

Efficiency 89.61% 95.76% 96.15% 

 

 
Fig. 5. The FFT results of the input current wave depend 

on dc-link voltage. 
 
According to result of efficiency comparison in each 

speed, the efficiency deviation is 4% on average by an 
increase of harmonic loss due to PWM at 1000rpm low 
speed, on the other hand, the efficiency deviation is 0.75%. 
In short, the efficiency deviation decreases with the 
increase of speed. In addition, the efficiency is more 
improved when dc-link voltage is 270V compared to 380V 
at the low speed. It is caused by scale of harmonic current 
ripple that represented in chapter 2. Fig. 5 shows the FFT 

Fig. 4. The FEM-control coupled analysis structure. 
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results of the input current waveform of the IPMSM FEM-
control coupled analysis in case of 270Vdc, and 380Vdc at 
1000rpm. As shown in the Fig. 5, it is shown as similar 
to increase in the near 10kHz current harmonics by 
switching, but current harmonics of the entire order is seen 
to increase due to growth of induced voltage [3]. The 
additional loss of the IPMSM is caused by the increase of 
current harmonics. 

 
 

4. The Result of Test Evaluation and  
Comparison 

 
4.1 The environment of test 

 
Fig. 6 is the environment of test for the compressor 

applied to air conditioner. Dynamo system and torque 
sensors of Kistler Co. are used; the load motor of Siemens 
is used; power analyzer (WT1800) of Yokogawa is used. 

The maximum allowed torque of the torque sensor is 
30Nm. Fig. 7 shows the actual production is made as a 
model in Fig. 1. 

 
4.2 The comparison of coupled analysis in experiment 

 
The loss due to the dc-link voltage changing in 

accordance with the variation of the rpm is carried out for 
each test evaluation. Table 5 shows the comparison of the 

current source analysis, the coupled analysis and the test 
result. As shown in the table, In case of 270Vdc, it can be 
seen that efficiency deviation that between current source 
analysis and test is found to be average of 3% and in case 
of 380Vdc, the efficiency deviation is found to be average 
of 4%. Next, as the each case of the coupled analysis, it can 
be seen that in the case of 270Vdc, the efficiency deviation 
showed average 1.75%, and in the case of 380Vdc, the 
efficiency deviation appeared as an average of 1.8%. 

According to the test results, it can be seen that when the 
dc-link voltage is low, efficiency is high. Ultimately, the 
difference of deviation of Vdc scale and output voltage 
comes to be small, hence it reduces the current ripple. It 
can be seen that if the current ripple is reduced, current 
waveforms can be similar to the fundamental wave, so that 
it becomes similar with the current source analysis. 

 
 

5. Conclusion 
 
In this paper, the FEM-Control coupled analysis in 

accordance with dc-link voltage variable is performed. It is 
confirmed that the trend of test results matches with those 
of the additional losses estimated in Chapter 2 well. On 
the other hand, it is confirmed that the deviation against 
the test values is larger by the current source analysis. In 
addition, the efficiency deviation is reduced in the 
operation range that has the low deviation between Vdc and 
output voltage. Accordingly, the proposed coupled analyses 
have advantage that can consider the efficiency deviation 
according to the speed and voltage variations. The validity 
of FEM-Control coupled analysis proposed in this paper is 
also useful for an electric vehicle that has variable dc-link 
voltage. 

 
Fig. 6. The environment of test for the IPMSM that using

air conditioner. 
 

 
Fig. 7. The shape of IPMSM for air conditioner. 

Table 5. Experimental result of dc-link 270Vdc 

270Vdc 1,000 rpm 3,000 rpm 3,480 rpm
Reference Iq 11.4A 
Reference Id 3.48A 

Average torque 8.51Nm 8.54Nm 
Efficiency 90.1 94.6 

VS efficiency of current 
source analysis -4.14% -2.47% 

VS efficiency of  
co-analysis @270Vdc -1.66% -1.94% 

Not 
operating 

range 

 
Table 6. Experimental result of dc-link 380Vdc 

380Vdc 1,000 rpm 3,000 rpm 3,480 rpm
Reference Iq 11.4A 
Reference Id 3.48A 

Average Torque 8.51Nm 8.50Nm 8.53Nm 
Efficiency 88.3% 93.6% 93.9% 

VS efficiency of current 
source analysis -5.94% -3.47% -3.31% 

VS efficiency of  
co-analysis @380Vdc -1.31% -2.16% -2.25% 

 



Hyun Soo Park, Tae Chul Jeung, Jae Kwang Lee and Byoung Kuk Lee 

 http://www.jeet.or.kr │ 229

References 
 

[1] Guangxu Zhou, Jin-Woo Ahn, “A Novel Efficiency 
Optimization Strategy of IPMSM for Pump Appli-
cations”, Journal of Electrical Engineering & 
Technology 4(4), 2009.12, 515-520 

[2] Gyu-Won Cho, Dong-Yeong Kim, Gyu-Tak Kim, 
“The Iron loss Estimation of IPMSM According to 
Current Phase Angle”, Journal of Electrical Engi-
neering & Technology 8(6), 2013.11, 1345-1351  

[3] Han-woong Ahn, Sung-chul Go, Ju Lee, “Hybrid 
Pulse Width Modulation Strategy for Wide Speed 
Range in IPMSM with Low Cost Drives”, Journal of 
Electrical Engineering & Technology 11(3), 2016.5, 
670-674 

[4] Kwangyoung Jeong, Dianhai Zhang, Jaehoon Kwon, 
Ziyan Ren, Chang-Seop Koh, “Measurement and 
Comparison of Iron Loss in Bonded- and Embossed-
Type Segmented Stator Cores for IPMSM”, Journal 
of Electrical Engineering & Technology 9(6), 2014. 
11, 2013-2018 

[5] L. T. Mthombeni; P. Pillay, “Core losses in motor 
laminations exposed to high-frequency or non-
sinusoidal excitation”, IEEE Trans. Magn, Vol. 40, 
No. 5, pp. 1325-1332, Sep/Oct. 2004. 

[6] Tae-Chul Jeong, Won-Ho Kim, Mi-Jung Kim, Ki-
Deok Lee, Jae-Jun Lee, Jung-Ho Han, Tae-Hyun 
Sung, Hee-Jun Kim, Ju Lee, “Current Harmonics 
Loss Analysis of 150-kW Traction Interior Permanent 
Magnet Synchronous Motor Through Co-Analysis 
of d-q Axis Current Control and Finite Element 
Method”, IEEE Trans. Magn, Vol. 49, No. 5, pp. 
2343-2346, May. 2013. 

[7] K. Yamazaki, Y. Fukushima, and M. sato, “Loss 
analysis of permanent magnet motors with con-
centrated windings- Variation of magnet eddy current 
loss due to stator and rotor shapes,” IEEE Trans. Ind. 
Appl., vol. 45, no. 4, pp. 1334-E 1342, Jul./Aug. 2009. 

 
 
 

Hyun Soo Park He received the B.S. 
and M.S. degrees in electrical engi-
neering from Yonsei University, Seoul, 
Korea, in 1993 and 1995, respectively. 
He is currently working toward the 
Ph.D. degree at Sungkyunkwan Uni-
versity, Suwon-si, Korea. In 1995, he 
joined the Digital Media and Com-

munication R&D Center, Samsung Electronics Company 
Ltd., Suwon, Korea, where he has developed large-scale 
integrators and algorithms. His current research topics are 
related to power electronics for home appliances. 

Tae Chul Jeung He received his M.S. 
and Ph.D degrees in Electrical Engi-
neering from Hanyang University, Seoul, 
Korea in 2012 and 2016 respectively. 
He is now working in Hanyang Uni-
versity. His research interests include 
motor design, analysis of motor / 
generator; and applications of motor 

drive, such as electric vehicles, home appliances. 
 
 

Jae Kwang Lee He received the B.S. 
degrees from Kunsan National Univer-
sity, Korea in 2014 and his M.S. degree 
from Hanyang University, Seoul, Korea 
in 2016, both in Electrical Engineering. 
He has been pursuing the Ph.D degree 
at the Department of Electrical Engi-
neering, Hanyang University. His 

research interests include design, analysis, testing and 
control of motor/generator; power conversion systems; and 
applications of motor drive. 

 
 

Byoung Kuk Lee He received the B.S. 
and the M.S. degrees from Hanyang 
University, Seoul, Korea, in 1994 and 
1996, respectively and the Ph.D. 
degree from Texas A&M University, 
College Station, TX, USA, in 2001, all 
in electrical engineering. From 2003 to 
2005, he was a Senior Researcher with 

Power Electronics Group, Korea Electrotechnology Research 
Institute, Changwon, Korea. From 2006, he is with the 
College of Information and Communication Engineering, 
Sungkyunkwan University, Suwon, Korea. His research 
interests include on-board charger and wireless power 
transfer for electric vehicles, energy storage systems, 
hybrid renewable energy systems, dc distribution systems 
for home appliances, power conditioning systems for fuel 
cells and photovoltaic, modeling and simulation, and 
power electronics. Prof. Lee received the Outstanding 
Scientists of the 21st Century from IBC and listed on 2008 
Ed. of Who’s Who in America and 2009 Ed. of Who’s Who 
in the World. He is an Associate Editor in the IEEE 
TRANSACTIONS ON INDUSTRIAL ELECTRONICS 
and Guest Associate Editor in the IEEE TRANSACTIONS 
ON POWER ELECTRONICS. He was the Presenter for 
Professional Education Seminar with the topic of “On-
Board Charger Technology for EVs and PHEVs” at the 
IEEE Applied Power Electronics Conference in 2014 and 
was the General Chair for the IEEE Vehicular Power and 
Propulsion Conference in 2012. 




