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Inverter Systems for Home Appliances 
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Abstract – This paper describes an efficiency improvement scheme in variable dc-link voltage 
inverter systems for home appliances and especially focuses on the light load operating area. Although, 
variable dc-link voltage according to the load could improve the efficiency of inverter, it can cause 
complex operation and low efficiency of PFC circuit. Therefore, in this paper buck boost selective 
control scheme is proposed to increase the efficiency of PFC circuit under low dc-link voltage. The 
validity of the proposed scheme is verified by 2.2kW dynamo system and maximum 6.5% system 
efficiency improvement could be achieved. 
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1. Introduction 
 
As power consumption by homes and buildings increases, 

it is increasingly important to have high-efficiency home 
appliances, such as air-conditioners and refrigerators. Fig. 
1 shows variations in the annual operation time, power 
consumption, and efficiency of air-conditioners according 
to the load conditions. As shown in Fig. 1, compared to 
heavy loads, the duration of power consumption under 
light loads increases and the efficiency of the inverter 
compressor gradually decreases. Therefore, it can be noted 
that in order to decrease the overall power consumption, 
improvement of the efficiency at light loads is very 
important because it makes up a large portion of the overall 
power consumption. A major factor in the efficiency 
degradation under light loads is the high input voltage with 
the low back electromotive force (back-EMF) of the 
driving motor, which lead to very large conduction losses. 
On the other hand, under heavy loads, the field weakening 
control to obtain the maximum torque with a given voltage 
limit degrades the system efficiency. 

Several kinds of approaches are proposed to overcome 
these problems. The PWM (Pulse Width Modulation) 
frequency changing method changes the frequency 
depending on the load conditions to reduce switching 
losses; however, the transient state has side effects on THD 
(Total Harmonic Distortion) and power factor [1]. The 
nonlinear inductor uses dc bias characteristics in inverse 
proportion to the inductor current [2]. This method reduces 
ripples and iron losses by material characteristics, though 
an additional nonlinear inductor increases conduction 
losses. Phase shedding uses at least two converters and 

operates only one of them under light loads to improve 
system efficiency [3]. However, no less than a pair of 
converters should be used. Changing the dc-link voltage 
reduces the conduction losses of inverter in the condition 
of the back-EMF [4]. In order to change the dc-link voltage, 
a PFC (Power Factor Correction) circuit could be utilized, 
which can make the hardware complicated and the 
efficiency of the PFC should be considered.  

In this paper, efficiency improvement under light loads 
is discussed with dc-link voltage variation considering the 
efficiency of the inverter and the PFC simultaneously. PFC 
operation is also discussed because PFC provides a dc-link 
voltage to improve the efficiency under light loads. In 
detail, a combination of buck-boost selective control and 
phase shedding control is used. Moreover, an optimal 
operation method for dc-link voltage and PFC control is 
proposed to obtain the minimum power consumption for 
optimal system efficiency. 
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Fig. 1. Typical example of air-conditioner compressor 
system load characteristics. 
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2. Variable DC-link Voltage Inverter System 
 
Home appliances operated at a current lower than 16 A, 

such as air-conditioners, should satisfy harmonic standard 
IEC 61000-3-2 [5]. Therefore, a PFC circuit is usually used 
to reduce the harmonic component. Moreover, the PFC 
circuit also controls the power factor and dc-link voltage.  

In general, for an inverter compressor system as shown 
in Fig. 2, the dc-link voltage is not changed by the PFC 
control. This type of constant dc-link voltage inverter 
maintains the same voltage level even under a light load 
that has the low voltage level of the back-EMF. Conduction 
losses from inverters are relatively large owing to the high 
voltage difference between the dc-link and the back-EMF. 
Moreover, the voltage of the back-EMF under a heavy load 
is almost the same as or slightly lower than the dc-link 
voltage. In this case, to increase the speed of the motor, a 
special and complex control method should be used, for 
example field weakening control. Field weakening control 
should use the d-axis current, which leads to additional 
losses from the inverter. 

A variable dc-link voltage system is one solution to 
overcome the problems of constant dc-link voltage 
inverters and to achieve high efficiency under light loads 
[6].  

In detail, the total loss from a six-switch inverter is the 
sum of conduction losses and switching losses, as 
expressed by (1). 
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where Pconduct is the conduction losses from the inverter, Psw 
is the switching losses from the inverter, Vnce is the n-th 
IGBT (Insulated Gate Bipolar Transistor) collector emitter 
voltage, Ince is the n-th IGBT collector emitter current, Fsw_n 
is the switching frequency of the n-th IGBT, Esw_n is the 
energy dissipations of the n-th IGBT, and Ptotal is the total 
power consumption.  

The back-EMF is small with light loads, which gives a 
large voltage to switch. Therefore, Esw_n(on) and Esw_n(off ) 

from voltage changes are relatively large. In this case, the 
low dc-link voltage decreases the switching losses from the 
inverter. On the contrary, the back-EMF is large with a 
heavy load, which leads to small switching losses from 
voltage changes. In this case, variation in the dc-link 
voltage is effective for reducing the switching losses, while 
conduction losses from the inverter are almost constant 
with the variance of the dc-link voltage because Vnce is 
almost constant. 

Fig. 3 shows the control concept of the variable dc-link 
voltage inverter system. This system changes the dc-link 
voltage according to the speed of the motor. The voltage of 
the dc-link is high at high speed and low at low speed 
because the motor speed has a somewhat directly 
proportional relation to load. 

It is essential to consider various kinds of conditions to 
change the dc-link voltage, for example the back-EMF, the 
voltage limitation of switch, the ripple current, and so on. 
According to these conditions, some limitation of the dc-
link voltage range is needed. The low limit for the dc-link 
voltage should be set by the efficiency of the PFC circuit 
and minimum voltage needed to operate the motor. The 
high limit for the dc-link voltage should be set by the 
maximum speed of the motor, the efficiency of PFC the 
circuit, the voltage limitation of the switch, and the internal 
voltage limitation of the capacitor. Considering various 
conditions, the low limit for the dc-link voltage was 
selected as 270 V to satisfy the operation of the motor and 
the torque limitation of the compressor. The high limit of 
the dc-link voltage was selected as 400 V to satisfy the 
internal voltage limitation of the capacitor. 

The grid voltage condition has a range of 220-230 V. 
The peak voltage range after rectifying is from 311 to 325 
V. Not only step-up but also step-down functions should be 
realized to change the rectified voltage to the range of 270-
400 V. In order to obtain this range of voltage, both buck 
and boost operation should be performed. Cascade buck-
boost PFC is one of the most suitable topologies to 
consider the power density and rating voltage of the 
capacitor [7]. This paper proposes reducing losses in 
cascade buck-boost PFC. Fig. 4 shows the block diagram 
of the variable dc-link voltage inverter system.  

EMI
Filter PFC Inverter

Fig. 2. System block diagram of inverter compressor. 
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Fig. 3. Control concept of variable dc-link voltage inverter 

system with variation in motor speed. 
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3. Proposed Buck-boost Selective and Phase 
Shedding Control Algorithm 

 
Two kinds of algorithms to improve the efficiency in 

variable dc-link voltage inverter systems are presented. 
One is buck-boost selective control and the other is phase 
shedding control. These two algorithms are merged to 
achieve high efficiency at the PFC part. 

With buck-boost synchronous control, it is possible to do 
step-up and step-down functions regardless of the load 
status. The algorithm for the control is simple and always 
the same for step-up or step-down. The same control 
signals are used for operating the step-up and step-sown 
switches. 

However, buck-boost synchronous control can deteriorate 
the efficiency because both switches are operated at the 
same time. If one of the switches is operated for step-up or 
step-down, switching losses can be reduced. Buck-boost 
selective control is one solution to improve efficiency. Fig. 
5 shows the PWM waveform of buck-boost synchronous 
control and buck-boost selective control.  

Buck-boost selective control selects buck or boost 
control by comparing the input voltage and the dc-link 
voltage. According to the selection results, only one switch 
is fully on or off, which is why the losses with buck-boost 
selective control are less than those with buck-boost 
synchronous control [8]. 

Buck-boost selective control also has the benefit of a 
power factor and THD because the input current is 
continuous in boost control. 

The loss with buck-boost synchronous control Pbuck_boost_sync 
is expressed in (2). 
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where Ps1sync is the loss of S1, Ps2sync is the loss of S2, 
Ps1sync_cond is the conduction loss of S1, Ps1sync_sw is the 
switching loss of S1, Ps2sync_cond is the conduction loss of S2, 
and Ps2sync_sw is the switching loss of S2. Switches S1 and S2 
operate at the same time. In this case, switching losses are 
larger than with only one switch operating. 

The loss with buck-boost selective control Pbuck_boost_selective 
is expressed in (3). 
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where Pboost is the loss of boost control, Pbuck is the loss of 
buck control, Ps1_cond_boost is the conduction loss of S1, 
Ps1_sw_boost is the switching loss of S1, Ps2_cond_buck is the 
conduction loss of S2, and Ps2_sw_buck is the switching loss of 
S2. These losses are shown in Fig. 5(b). 

In the case of buck-boost selective control, only one 
switch is operated so the power consumption of buck-
boost selective control is less than that of buck-boost 
synchronous control. Table 1 shows the switch operation 
and detailed losses for each control. 

Fig. 6 shows a control block diagram of the two-phase 
buck-boost selective control. The basic control scheme for 
buck-boost selective control comes from the voltage 

M
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Fig. 4. Variable dc-link voltage inverter system blocks. 

Table 1. Switch operation for each control  
(S : Switching losses, C : Conduction losses)

 Boost case Buck case 

 Switch 
operation Losses Switch 

operation Losses

Buck-boost 
Synchronous Control

S1 : on/off 
S2 : on/off 

S/C 
S/C 

S1 : on/off
S2 : on/off

S/C 
S/C 

Buck-boost Selective 
Control 

S1 : on 
S2 : on/off 

C 
S/C 

S1 : on/off
S2 : off 

S/C 
- 
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difference between the target and the reference. The final 
control step to select buck switch or boost switch is 
important. Output comparison between the controlled 
voltage and the dc-link voltage selects buck control or 
boost control in buck-boost selective control. The output 
PWM control signal controls S1 and S2. Power factor was 
more than 0.99 in simulation all kinds of loads. 

Phase shedding control uses single phase with light 
loads and multi-phase (interleaving) operation with heavy 

loads. With light loads, phase shedding has the benefit of 
reducing switching and reversing recovery losses. Phase 
shedding control also reduces the individual inductor 
capacity. It has the benefit of minimizing inductor losses 
[3]. 

Fig. 7 shows the efficiency graph for phase shedding and 
normal operation. 

 
 

4. Experimental Verification 
 
In order to verify the proposed topology and control 

algorithms, experiments were performed with the 2.2-kW 
prototype of the system parameters in Table 2. Fig. 8 shows 
the test-bed for the experiment. Load variation was 
performed by the test-bed and the dynamo system.  

The integrated PFC efficiency experiment was carried 
out with three kinds of conditions. 

The first condition is variation of the dc-link voltage. 
The range of the dc-link voltage is from 270 V to 400 V. 
The second condition is the control method for the PFC. 
One is buck-boost selective control and the other is buck-
boost synchronous control. The third condition is phase 
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(a) Buck-boost synchronous control                (b)Buck-boost selective control 

Fig. 5. PWM waveform of buck-boost synchronouscontrol and buck-boost selective control. 
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Fig. 6. PFC control block for the buck-boost selective control 
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shedding control. Single-phase control and two-phase 
(non-phase shedding, multi-phase, interleaving) control 
were tested in the experiment. In the case of single phase, 
the total acceptable power is half of the maximum. The 
PWM frequency of PFC is 50 KHz. The control difference 
between the reference system and the proposed system is 
expressed in Table 3. 

 
According to the input power, these control conditions 

should be changed. This proposed strategy is expressed in 
(4). 

 
_ ( ) 270

( ) min( _ _ , _ _ )
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where p is the input power, fDC_link(p) is the optimal voltage 

of the dc-link, fPFC(p) is the optimal selection between 
buck-boost selective control and buck-boost synchronous 
control to obtain the minimum power consumption, and 
fPhase(p) is the optimal selection of phase shedding control 
to obtain minimum power consumption. 

The second and third conditions select the values for the 
control method. On the other hand, the first condition is the 
optimal voltage value to achieve the minimum power 
consumption, which is relatively hard to obtain. Thus, with 
some fixed dc-link voltage condition, the second and third 
conditions are changed to observe the efficiency variation. 

Fig. 9 shows the experimental efficiency of buck-boost 
selective control and phase shedding with a 270 V dc-link 
voltage. Buck-boost selective control always has 1-2.5% 
better performance compared to that of buck-boost 
synchronous control. In the case of the second condition, 
buck-boost selective control is the solution to minimizing 
the power consumption. Phase shedding has 1-2% better 
performance compared to that of two-phase control. It can 
be used for half load conditions. 

In case of dc-link voltage, 270 V and 380 V are used to 
check the efficiency tendency. Fig. 10 shows the 
experimental efficiency of the variable dc-link voltage and  

Table 2. Experiment parameters 

 Parameter Value [Unit] 
Input Voltage 220 [Vac] 
Input Frequency 60 [Hz] 
Input Current (@ 220 Vac) 10.5 [Arms] 
Maximum Input Power 2.27 [kW] 

PFC 

Power Factor 0.98 @[kW]  
Dc-link Voltage 270-400 [V] Inverter 
Maximum Power 2.2 [kW] 
RPM 200~3000 [RPM]  Motor 
Torque 1.9~5.6 [Nm ] 

 
Table 3. Control difference between the reference condition 

and the proposed condition 

 Reference condition Proposed condition 
Dc-link voltage  380 V 270-400 V 

PFC method Buck-boost synchronous 
control 

Buck-boost selective 
control 

Phase shedding One phase One or two phase 

 

 
Fig. 8. Test-bed for variable dc-link voltage inverter system. 
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Fig. 9. Experimental efficiency comparison between buck-
boost selective control and phase shedding with 
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(a) one phase 600 W 

 

 
(b) two phase 1200 W 

Fig. 11. Experimental waveform between one phase 600 W 
and two phase 1200 W. 

 
phase shedding. As buck-boost selective control was found 
to be effective, it is used commonly. 380 V dc-link voltage 
has good performance compared to that achieved with 270 
V in PFC efficiency. This voltage affects not only the PFC 
efficiency but also the inverter efficiency. System 
performance should be determined by simultaneously 
considering the PFC and the inverter. 

Fig. 11 shows operation waveform of proposed system 
in case dc-link voltage is 270 V. Phase difference between 
input voltage and input current is almost zero regardless of 
phase shedding control. During the experiment, power 
factor was more than 0.98 from 200 W to 2200 W. That 
means PFC operated correctly. 

According to the PFC efficiency experimental results, 
buck-boost selective control is used commonly, and one-
phase is used below 1100 W, which is half of the maximum 
power in the PFC and inverter integration test. These 
conditions for the PFC and inverter integration test are 
expressed in Eq. (5). 
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The total system efficiency can be calculated from 

multiplication of the PFC part and the inverter part. In the 
real situation, there are several factors to consider. For 

example, noise and back-EMF. Therefore, total system 
efficiency is measured from the test-bed dynamo system. 
In case of compressor loads, torque variation is not 
changed widely. In this experiment, torque variation range 
is 1.9~5.6 Nm and speed variation is 200~3000 RPM to 
satisfy cycle condition. Torque and speed have proportional 
relation. Output power has proportional relation in speed. 
In the test-bed dynamo system, fixed torque is used for 
simplification. 

The optimal voltage to get the best system efficiency can 
be determined by Eq. (5) and the test-bed dynamo system. 
The optimal voltage has some sections for convenience. 
Fig. 12 shows these sections and strategy. 

According to Fig. 12, there are five sections to determine 
the optimal control strategy from the input power range. 
For the range below 500 W (section 1), it is desirable to use 
phase shedding, 270 V dc control. For the range from 500 
W to 1100 W (section 2), it is desirable to use phase 

Vin (200V/div)

Iin (10A/div)

Vdc-link (200V/div)

Final_ref1 (1V/div)

Table 4. Control strategy for optimal efficiency 

Section Dc-link voltage Phase shedding 
0-500 W  270 V One phase 

500-1100 W  300 V One phase 
1100-1500 W  330 V Two phase 
1500-2100 W  380 V Two phase 

2100W~  400V 2 phase 
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Fig. 12. Summarized control strategy of variable dc-link 
voltage inverter system. 

Fig. 13. Experimental system efficiency comparison between 
conventional system and proposed system. 
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shedding, 300 V dc control. For the range from 1100 W to 
1500 W (section 3), it is desirable to use interleaving, 330 
V dc control. For the range from 1500 W to 2100 W 
(section 4), it is desirable to use interleaving, 380 V dc 
control. For the range over 2100 W (section 5), it is 
desirable to use interleaving, 400 V dc control. This 
strategy is summarized in Table 4. 

Fig. 12 also shows the efficiency of the reference system 
and Fig. 13 shows the efficiency comparison results. A 
maximum 6.5% efficiency improvement can be achieved in 
light load condition. The efficiency improvement can be 
acquired regardless of load. 

 
 

5. Conclusion 
 
This paper proposes an efficiency improvement for 

variable dc-link voltage inverter systems and especially 
focuses on light load areas in home appliances. The validity 
of the proposed strategy has been verified by experimental 
results. Three methods are combined to achieve good 
efficiency of home appliances with a variable dc-link 
voltage inverter system. 

A 2.2 KW dynamo system is used to check the system 
efficiency. Finally, a maximum 6.5% efficiency improve-
ment can be achieved using proposed system. 
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