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Abstract—If a small dc-link capacitor is used in the dc link
fed by a single-phase ac source, then the dc-link voltage severely
fluctuates at twice of the source frequency. To handle this fluc-
tuation, the concept of “average voltage constraint” is proposed
in this study. On the basis of this concept, a flux-weakening
scheme, generating the d-axis current reference (irds

∗) for the
interior permanent-magnet synchronous machine, is devised. The
q-axis current reference (irqs

∗) is modified for the unity power
factor operation in the viewpoint of an ac source without an
additional sensor. The proposed scheme has been applied to the
inverter-driven 1-kW compressor of an air conditioner. From the
experimental results, it has been verified that the compressor
operates well at the required operating condition, regardless of
the severe fluctuation of dc-link voltage, because of the reduced
dc-link capacitance. The frequency spectrum of the ac source
current reveals that the harmonics of the source current meet the
regulation of IEC 61000-3-2 Class A and that the overall power
factor is above 96% without any additional circuit, such as an
input filter and a power factor correction circuit.

Index Terms—Capacitors, electrolytic capacitorless inverter,
flux-weakening operation, harmonics regulation, home appliance,
interior permanent-magnet synchronous motor (IPMSM), in-
verter, power factor, variable-speed drives, voltage constraint.

I. INTRODUCTION

THE DC-LINK capacitor with large capacitance of several
hundred or thousand microfarads is generally used to keep

the dc-link voltage almost constant in a few kilowatt ac–dc–ac
power conversion system fed by a single-phase ac source.
The electrolytic capacitors generally have been used as dc-link
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Fig. 1. Conceptual structure of the inverter system for home appliance.

capacitors in this system because of the large capacitance per
unit volume. Due to the large capacitance in the dc link, the
ac source current Iin is severely distorted and the input power
factor is deteriorated. In addition, a huge inrush current flows
through a rectifier to the capacitor at turning on the drive sys-
tem. In order to deal with these issues, the additional circuits,
such as a power factor correction circuit, an input filter, and a
precharging circuit, are normally employed.

Furthermore, the use of an electrolytic capacitor has a fatal
weakness in reliability [1]. The electrolytic capacitor is the
most fragile component in the power conversion system. In
other words, the lifetime of the system is mainly dependent on
that of the electrolytic capacitor. To improve the reliability of
system, the methods of monitoring the capacitor status have
been researched, which detect the end-of-life status of the
capacitor for preventive maintenance [1]–[3].

To overcome the problems aforementioned, the matrix topol-
ogy, which basically does not need the dc-link capacitor, has
been researched. This topology is to perform the power con-
version directly from the ac source to the ac load without
any intermediate dc link. However, it needs a large amount of
unidirectional switches to implement its bidirectional switches,
which makes the control very complex [4]. Furthermore, it
cannot be applicable to the power conversion system fed by a
single-phase ac source.

In addition, there have been some efforts to use the film
capacitor with small capacitance as the dc-link capacitor in
an ac–dc–ac power conversion system [5]–[20]. This kind of
system is thus called “electrolytic capacitorless system,” which
will be briefly called “capacitorless system” in this paper.
This topology uses the film capacitor with several microfarads,
instead of the electrolytic capacitor with several hundred or
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Fig. 2. Overview of the system with the proposed current reference generation.

several thousand microfarads, as the dc-link capacitor. The
volume of the capacitorless system is dramatically reduced, and
the reliability of system is enhanced, as compared to the power
conversion system with the electrolytic capacitor. Additionally,
the precharging circuit might be eliminated. It also leads to the
cost and size reduction.

Researches about the capacitorless system can be divided
into two kinds, according to the input ac source type, i.e., three-
phase ac source and single-phase ac source. There are many
researches about the capacitorless system with a three-phase
ac source [5]–[16], whereas only a few papers deal with the
capacitorless system fed by a single-phase ac source [17]–[20].
In this paper, the new control scheme is proposed for a single-
phase ac source.

Fig. 1 shows the generic structure that is commonly used
in home appliances such as an air conditioner. Generally, as
the dc-link capacitor, the electrolytic capacitor with a range
of 500−5000 μF is employed, according to its rated power, to
keep the dc-link voltage as constant Vdc. If a capacitor with
several microfarads is employed as the dc-link capacitor in
the case of the capacitorless system fed by a single-phase ac
source, then the dc-link voltage fluctuates at twice of the ac
source voltage frequency and the dc-link voltage is almost the
rectified version of the ac source voltage. There were some
researches to overcome this problem by modifying current
references of the inverter. These conventional methods can be
mainly divided into two types. One approach, which has been
reported in [17], is that the shape of the q-axis current reference
is modified as the square of sinusoidal wave synchronized with
ac source voltage angle, and the other approach is in [19],
where the q-axis current reference is shaped as a trapezoidal
waveform. The former method improves the overall power
factor. However, measuring the input voltage was required for
the synchronization. In addition, the latter method reduced the
low-order harmonic of speed ripples, but this method is worse
than the former method, in terms of the harmonics spectrum
of ac source current and the overall power factor. The d-axis
current reference generated by both methods is determined
by motor parameters, measured dc-link voltage, and tuning
constants. These conventional methods are not only vulnerable
to the parameter errors but also difficult to tune variables or

gains. Furthermore, the experimental results of the previous
researches cannot satisfy the regulation, i.e., IEC 61000-3-2
Class A, which is mandatory to an air conditioner.

To solve the aforementioned problems and to enhance the
performance of conventional methods, a new control method is
proposed in this paper. The d-axis current in the rotor reference
frame irds

∗ is generated through the state feedback control based
on the concept of “average voltage constraint.” In addition, the
q-axis current in the rotor reference frame irqs

∗ is modified to
maximize the ac source power factor without an additional sen-
sor. Thus, it achieves not only the robustness to the parameter
error but also the cost effectiveness. This scheme is applied
to the inverter-driven 1-kW compressor of an air conditioner
fed by a single-phase ac source. The validity and feasibility of
the proposed control scheme have been proved by series of the
experimental tests with a commercial air conditioner.

II. PROPOSED CONTROL METHOD

The overall control block diagram is shown in Fig. 2. Three
controllers, i.e., speed regulator, current reference generator,
and current regulator, are connected in cascade. The current
reference generator consists of three parts, which are interlinked
with other parts. Each part of the reference current generator
block is described here.

A. d-Axis Current Reference Generator: Part 1

As mentioned in the introduction, the dc-link voltage of
a target system severely fluctuates at twice the frequency of
the source voltage. To handle this problem, a new concept
of “average voltage constraint” is introduced. The “average
voltage” is the mean value of the fluctuating dc-link voltage
during a half period of the source voltage represented on the
d, q-axis current plane. The voltage is used as the constraint
applied to the flux-weakening controller, which generates the
d-axis current reference.

Assuming that the d-axis current varies slowly enough to be
approximated as a constant, the available average q-axis current
for a half period of ac source voltage, i.e., irqs-av, can be derived
from the voltage equation of the interior permanent-magnet
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TABLE I
MACHINE PARAMETER

Fig. 3. Concept of the average voltage constraint curve.

synchronous motor (IPMSM) and the voltage constraint of the
three-phase inverter [21], as follows:

V r
ds =Rirds + Ld

dirds
dt

− ωrLqi
r
qs

V r
qs =Rirqs + Lq

dirqs
dt

+ ωr (λpm + Ldi
r
ds) (1)

Vdc√
3
≥
√

V r
ds

2 + V r
qs

2 (2)

irqs-av =
1

π

π∫
0

1

ωrLq

√
Vdc(θ)2

3
− V r

qs
2d θ. (3)

The average voltage constraint curve at 5400 r/min in the
case of the IPMSM with parameters listed in the Table I is
represented on the d, q-axis current plane, as shown in Fig. 3.
The conventional flux-weakening control makes the d-axis cur-
rent reference fluctuate, in accordance with the dc-link voltage
as voltage constraint ellipse. Previous researches also have
generated the d-axis current reference based on this principle.
However, this principle is not appropriate to the capacitorless
IPMSM drive system. Periodical dc-link voltage fluctuation
makes the d-axis current reference fluctuate, and the fluctuation
of the d-axis current reference aggravates the lack of voltage
margin for synthesizing reference current. Therefore, with this
chain reaction, the current regulation performance rapidly de-
teriorates. To deal with this problem, a new flux-weakening
control scheme for the capacitorless system is proposed in this
paper. In the proposed scheme, the d-axis current reference
is determined at the crossing point of the average voltage
constraint loci and the constant torque loci. The d-axis current

Fig. 4. d-axis current reference generator.

reference at the crossing point guarantees the average of torque
required to control the speed of the compressor, although the
q-axis current varies according to the dc-link voltage during
the half period of ac source. As an example, if the average
torque, which is required to control the speed of the compressor,
is 3 N · m, the d-axis current would be determined at point
“A” in this concept, as shown in Fig. 3. The d-axis current is
limited between null (no flux weakening) and the equivalent
permanent magnet current (null flux), such as (−λpm/Ld <
ir

∗
ds < 0), which is implemented as a limiter in Fig. 4.

The input of this reference generator, i.e., irqs_bound, is

defined by (4)–(6). In these equations, Vr∗

dqs-sat = V r∗
ds-sat +

jV r∗
qs-sat is the voltage applied to the IPMSM after the over-

modulation of the pulsewidth modulation inverter, as shown
in Fig. 2. The voltages are bounded from the hexagon in the
voltage plane, and the size of the hexagon varies according to
the dc-link voltage. The meaning of irqs_bound is the synthesiz-
able current in this bounded voltage. The other input of this
reference generator, i.e., ir

∗
qs , is the current reference for the

torque generation of the IPMSM, which is set by the speed
controller. To generate ir

∗
ds based on the constraint with these

inputs, a proportional–integral (PI) controller and a first-order
low-pass filter (LPF) are used, as shown in Fig. 4. This LPF
is used to obtain the average value of irqs_margin, which is
fluctuating at twice of the ac source frequency. Therefore, the
cutoff frequency of the LPF should be low enough to block this
120-Hz component and to extract the quasi-dc component, i.e.,
irqs_margin0. The PI controller makes the irqs_margin0 follow its
reference ir

∗
qs_margin0, by determining the d-axis current. This

ir
∗

qs_margin0 is normally set as zero. As a result, the voltage mar-
gin is guaranteed for synthesizing the q-axis current reference,
averagely. That is,

V r
ds_bound =

√
V 2
dc

3
− V r∗

qs-sat
2 (4)

Kz =LPF
((
−V r∗

ds-sat +Rsi
r
ds

)
/irqs

)
(5)

irqs_bound =V r
ds_bound/Kz. (6)

Te =
3

2

P

2
[λpm + (Ld − Lq)i

r
ds] i

r
qs. (7)

The gains of this PI controller can be set physically by
deriving the transfer function of irqs_margin0/i

r∗
qs_margin0, under

the assumption that irqs_bound, which comes from the average
voltage constraint in Fig. 3, is linear, as follows:

irqs_bound = Ae0i
r
ds +Be0. (8)

This assumption is reasonable because the average voltage
constraint, which is represented in the current plane, is almost
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linear in most of the operating region, i.e., −λpm/Ld < ir
∗

ds <
0, as shown in Fig. 3. If the bandwidth of the current regulator,
i.e., ωcc, is fast enough and the current vector irdqs well matches
to its reference irdqs

∗, then the inverter can be considered by
unity gain. In steady state, irqs_margin0 is approximated by the
multiplication of irds and the gain Ae0. Thus, an open-loop
transfer function of the d-axis current reference generator can
be derived as

Gfw =Ae0 ×
ωlpf

(s+ ωlpf)
× kpd_ref

(s+ kid_ref/kpd_ref)

s

=Ae0ωlpfkpd_ref/s (9)

under the assumption

kid_ref/kpd_ref = ωlpf .

In (9), ωlpf stands for the cutoff frequency of the LPF
in Fig. 4; kid_ref and kpd_ref represent the proportional and
integral gains of the PI regulator in Fig. 3, respectively. As a
result, the bandwidth of the d-axis current generator (ωdg) can
be deduced as

irqs_margin0

ir
∗

qs_margin0

=
Gfw

1 +Gfw
=

ωdg

s+ ωdg
(10)

where

ωdg = Ae0kpd_refωlpf .

Thus, it is suggested that ωdg should be slightly higher than
the bandwidth of the speed regulator, i.e., ωsc, and much lower
than the bandwidth of the current regulator, i.e., ωcc. With this
guideline, the gains of the PI regulator in the irds

∗ generator
block in Fig. 4 can be set.

B. q-Axis Current Reference Generator: Part 2

The purpose of the part 2 is generating irqs
∗ to maximize the

ac source power factor. If the unity power factor is assumed,
the input power Pin should be the square of the sinusoidal
function synchronized with the ac grid angle sin2 θgrid, under
the assumption of sinusoidal ac source voltage. Because of
negligible dc-link capacitance, the input power is the same
as the output power instantaneously. Therefore, irqs

∗ can be
derived as

Pin = ‖Pin‖ sin2 θgrid

Pout =1.5×
(
V r
dsi

r
ds + V r

qsi
r
qs

)

=1.5× (−ωrLqi
r
ds + ωrλpm + ωrLdi

r
ds) i

r
qs

Pout =Pin

irqs =Ktemp sin
2 θgrid (11)

which has been derived under the assumption that a transient
q-axis voltage, i.e., Lq((di

r
qs)/(dt)), is negligible and the cur-

Fig. 5. Grid angle estimator.

rent is regulated well enough according to its reference in
average sense.

For the speed control, the average torque for a half period of
ac source voltage should be regulated, although the current ref-
erence is modified. In addition, the following equation should
be satisfied:

∫
Tgrid

2

ir ∗
qs =

∫
Tgrid

2

irqs_SC
∗ (12)

where irqs_SC
∗ is the output of the speed regulator, and Tgrid is

the period of the grid voltage.
The bandwidth of the speed regulator should be low enough

to represent irqs_SC
∗ as the average value. From (12), Ktemp can

be set as

Ktemp = 2× irqs_SC
∗. (13)

Finally, the q-axis current reference can be modified as

ir ∗
qs = 2× irqs_SC

∗ sin2 θgrid. (14)

C. Estimation of Grid Angle: Part 3

In order to generate irqs
∗, it is required to find out the grid

angle θgrid. To identify the grid angle, an additional voltage
sensor, measuring input source voltage, had been used in earlier
researches [17]–[20]. However, in this study, the grid angle is
estimated without any additional hardware. The principle is
based on the fact that the fluctuation of the dc-link voltage
directly reflects the variation of the source voltage due to
negligible dc-link capacitance. By exploiting this observation,
the grid angle is extracted from the measured dc-link voltage
based on a simple phase-locked loop (PLL).

The virtual stationary reference frame d, q-axis voltage
(Vs

dc_dqs = V s
dc_ds + jV s

dc_qs) in (15), i.e., the input of the
PLL, is defined by simple signal processing, such as bandpass
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Fig. 6. Torque plot: torque reference from speed regulator Tsc
∗, torque

reference modified by the proposed method Tmodi
∗, and load torque of the

compressor TLoad.

filter (BPF) and second-order general integrator (SOGI, i.e.,
[22]), which is shown in Fig. 5. That is,

V s
dc_ds =Vdc_2ωgrid

(θ − 90◦)

V s
dc_qs = −Vdc_2ωgrid

. (15)

III. SIMULATION RESULTS

To verify the validity and feasibility of the proposed method,
a computer simulation has been performed by MATLAB. The
simulation parameters are listed in Table I. It is assumed that
the load torque of a single rotary compressor at 5400 r/min, i.e.,
TLoad, looks similar to the load torque shown in Fig. 6. This
value of TLoad is calculated to get about 1 kW of average of
output power. The torque reference proportional to the current
reference in (11), Tmodi

∗, is also shown in Fig. 6. Because
of the fluctuation of load torque and the fluctuation of torque
reference, i.e., the q-axis current reference by (11), there are
inevitable torque ripples in the IPMSM. The main frequency
components of the ripple are 2ωgrid − ωrm and 2ωgrid + ωrm.
These ripples of torque are reflected as the speed ripples of
the compressor, after being filtered out by large inertia of the
compressor. In Fig. 7, it is shown that the speed ripple is slightly
increased, as much as about 50 r/min, in the capacitorless
system compared to the conventional compressor with large dc-
link capacitance in the dc link. In spite of the reduced dc-link
capacitance from 1000 to 5 μF, the speed ripple increased from
1% to 2%.

Fig. 8 shows the characteristics of the input current of
three kinds of method: method 1 is the capacitorless inverter
controlled by the proposed scheme in this paper; method 2 is
the capacitorless system with the conventional control scheme
in [17]; method 3 is the general inverter with 1000 μF controlled
by the general current control scheme. As shown in Fig. 8, the

Fig. 7. Comparison of speed. (a) Speed ripple: general inverter with
1000-μF dc-link capacitor. (b) Speed ripple: capacitorless inverter with 5-μF
dc-link capacitor controlled by the proposed control scheme.

Fig. 8. Comparison of harmonics spectrum of input current ripple.

harmonics spectrum of input current controlled by method 1 is
the best among those of the three methods.

IV. EXPERIMENTAL RESULTS

The configuration of the system, as aforementioned in Fig. 2,
is implemented in Fig. 9. This system is the air condi-
tioner with a single rotary compressor fed by a single-phase
220-V 60-Hz ac source. In addition, the rotor angle and speed
of the IPMSM are estimated by using the sensorless control
algorithm based on a back electromotive force observer [21].
The switching frequency of the inverter is set at 13 kHz. The
5-μF film capacitor is used as the dc-link capacitor of the
inverter. The bandwidth of the current controller ωcc, the band-
width of the speed controller ωsc, and the bandwidth of the
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Fig. 9. Experimental setup (air conditioner).

Fig. 10. Experimental result ir
∗

dqs and irdqs.

d-axis current reference generator ωdg are 400 Hz, 1 Hz, and
20 Hz, respectively.

In order to verify the generation of irds
∗ based on the average

voltage constraint, the load torque is increased, maintaining
operating speed, i.e., 5400 r/min. As shown in Fig. 10, as the
load torque increases, irds

∗ decreases. In addition, the validity of
the proposed method can be proved by the characteristic of an
input current waveform and its harmonics, as shown in Fig. 11,
at a typical operating condition, a normal load torque, and
5400 r/min. The shape of the input current in Fig. 11(a) contains
a section denoted by α, where the input current is not con-
ducting. This section distorts the input current and makes the
harmonics. However, these harmonics are still within the regu-
lation limit, as shown in Fig. 11(b). The q-axis inductance volt-
age Lq((di

r
qs)/(dt)), which is ignored when the shape of irqs

∗

is determined, results in the low-order harmonics. However,

Fig. 11. Experimental results. (a) Grid voltage (Vin), input current (Iin), and
power factor (PF). (b) Harmonics of Iin and the regulation of IEC 61000-3-2:
Class A.

the increase of low-order harmonics from the q-axis inductance
voltage has negligible impact on harmonics to the regulation
limit because the regulation limit of low-order harmonics is
large enough to allow that distortion. Therefore, the harmonics
of the input current from the experimental result meets the
regulation, i.e., IEC 61000-3-2 Class A [23]. In addition, the
power factor in Fig. 12(a) reaches up to 97.3%.

The performance of the proposed method is tested at the
overall speed range of the compressor. The results are shown
in Fig. 12. When the proposed method is applied, the power
factor has been kept above 96% at overall operating speed.

V. CONCLUSION

This paper has proposed a novel variable speed control
strategy of the IPMSM, which is driven by an electrolytic
capacitorless inverter fed by a single-phase ac source. First,
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Fig. 12. Experimental results. (a) Average input power in the whole range of
operating speed of the compressor. (b) Overall power factor in the whole range
of operating speed of the compressor.

the concept of average voltage constraint is suggested as the
virtual voltage constraint in the capacitorless inverter system.
By generating irds

∗ based on this constraint, the margin of the
voltage for synthesizing irqs

∗ is always guaranteed. Second, the
shape of irqs

∗ is modified for the unity power factor operation.
To generate the modified irqs

∗, the grid angle and grid frequency
are extracted from the dc-link ripple by using a PLL without
an additional sensor. Therefore, to verify the validity of the
proposed method, it is applied to an inverter-driven commer-
cial air conditioner, whose compressor motor is an IPMSM.
The electric source of the air conditioner is a single-phase
220-Vrms 60-Hz ac source. Although the dc-link capacitance
is decreased down to 5 μF, the experimental results with 1-kW-
level input power reveal the overall power factor above 96% and
satisfaction of IEC 61000-3-2 Class A without any additional
hardware. The proposed control scheme would extend the
applicability of the capacitorless inverter to home appliance.
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