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Direct Power Control of a Three-Phase Inverter
for Grid Input Current Shaping of a Single-Phase
Diode Rectifier With a Small DC-Link Capacitor

Yeongrack Son, Student Member, IEEE, and Jung-Ik Ha, Senior Member, IEEE

Abstract—This paper describes motor drive system fed by a
single-phase diode rectifier without power factor correction (PFC)
circuit or the input filter. The system considered in this paper con-
sists of a single-phase diode rectifier, a three-phase inverter, and a
small dc-link capacitor. Since dc-link capacitance of the proposed
system is few microfarads, the shape of the grid input current is
directly affected by electrical output power of the inverter. Using
this aspect, two goals of the drive system, controlling torque of the
motor and suppressing the grid input current harmonics, can be
simultaneously achieved by controlling the output power of the in-
verter. The proposed method includes the motor current reference
generation and the direct output power regulation by modifying
the output voltage reference. With the proposed method, the har-
monic components of the grid input current can be reduced under
the limits of the regulation IEC61000-3-2, lower than those in the
conventional method. Also, the cost and size of the inverter sys-
tem can be significantly reduced by removing electrolytic dc-link
capacitor and input filter from the system. The performance of
the proposed shaping method was validated by the experimental
results using the motor drive system with a 5μF film capacitor at
dc link.

Index Terms—Direct power control, electrolytic capacitor, grid
current harmonics reduction, pulse width modulation Inverters,
small dc-link capacitor, variable speed drives.

I. INTRODUCTION

R ECENT advances in the power electronics technology
have enabled variable-speed motor drives to be widely

used for the low-power home applications, such as air condition-
ers, refrigerators, vacuum cleaners, etc. As shown in Fig. 1(a),
the variable-speed motor drive for single-phase ac source is
normally composed of a three-phase inverter, a single-phase
diode rectifier, and a dc-link capacitor. In general, the dc-link
capacitance is designed as a high value so that the system main-
tains a constant dc-link voltage. The electrolytic capacitor has
high capacitance per volume, so it is widely used as the dc-
link capacitor to reduce the volume of the system. However,
the electrolytic capacitor has some drawbacks. First, since the
electrolyte included in this capacitor evaporates, it is vulnerable
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Fig. 1. Variable-speed motor drive with the single-phase diode rectifier.
(a) Circuit diagram. (b) Waveforms of |vg |, ig , and vdc with electrolytic
dc-link capacitor. (c) Waveforms of |vg |, ig , and vdc without electrolytic dc-link
capacitor.

to the current ripple and the heat. Due to this characteristic,
the electrolytic capacitor for the dc link has about thousand
hours of the lifetime at 105 °C, and the lifetime reduces to
half for every 10 °C of the temperature rise [2]. Because of
its short lifetime, the electrolytic capacitor critically affects the
reliability of the drive circuit; about 60% of the drive circuit
failures are due to the electrolytic capacitor [2]–[8]. Another
problem is that the conventional drive is hard to satisfy the reg-
ulation about the grid input current harmonics. Nonlinear grid
input current is inevitable due to the constant dc-link voltage, as
shown in Fig. 1(b) [9]–[13]. These current harmonics increase
the stress on low-voltage ac grid and lower the grid quality, so
the regulations on the harmonic grid input current are introduced
and all electrical equipment connected to the grid should com-
ply with the regulations [1]. To make the drive with electrolytic
dc-link capacitor satisfy the regulation, inductive line filter or
power factor correction (PFC) circuit is needed to reduce the
current harmonics [14]–[18]. These circuits increase the cost
and the volume of the drive [19].
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The motor drive with low capacitance in dc link has been
developed to overcome these drawbacks of the electrolytic
capacitor [20]–[25]. This kind of the drive has the dc-link ca-
pacitance lower than 1% of the capacitance in the conventional
drive so that the dc-link voltage fluctuates and the diode rectifier
conducts continuously, as shown in Fig. 1(c) [26]–[28]. In this
case, the capacitor with low capacitance per volume, such as
a film capacitor or a ceramic capacitor, can be used in dc link
of the drive. Since these kinds of capacitor allow large ripple
current and have much longer lifetime than the electrolytic one,
the reliability of the drive circuit can be improved [25]. The
manufacturing cost of the drive is also reduced by using the film
or ceramic capacitor in dc link. It is because the film capaci-
tor is cheaper than the electrolytic one and the line filter can
be lightened by lowering the dc-link capacitance. In the motor
drive with 1 kW power rating, the manufacturing cost per unit
of the drive, which includes the cost of dc-link capacitor and
line filter is reduced about $10 by using the film or ceramic
dc-link capacitor. Because of the low dc-link capacitance, there
is a drawback of the drive without electrolytic capacitor; the
ride-through capability of the drive is below 1% of the conven-
tional drive. So the proposed motor drive cannot be applied to
the application in which the ride-through capability is impor-
tant. However, the ride-through capability is not a key factor in
the low-power and low-performance application. Several major
appliance companies use this feature and present the products
with film capacitor in the market. The proposed scheme is also
researched for such applications.

In the motor drive without electrolytic capacitor, the output
power of the inverter should be precisely controlled to suppress
the grid input current harmonics. In order to make the sinusoidal
grid input current, many motor control methods for the drive
without electrolytic capacitor has been researched [20]–[22].
But it is hard for them to suppress the harmonics exactly because
of improper consideration about the inverter output power in
motor current reference, low bandwidth of the controllers, and
the motor current control error by fluctuating dc-link voltage.

In this paper, a novel grid input-current-shaping method for
the drive without electrolytic capacitor is proposed. The design
criterion of the dc-link capacitor in the drive circuit is pre-
sented in Section II. The conditions for the sinusoidal grid input
are introduced in Section III. The proposed grid-input-current-
shaping method, including the stability analysis of the system is
explained in Section IV. The experimental results for validating
the improvements of the proposed method are in Section V.

II. DESIGN CONSIDERATION OF A DC-LINK CAPACITOR

In general, the dc-link voltage ripple and the capacitor current
ripple are the main design considerations of the dc-link capac-
itor. In case that the electrolytic capacitor is used as dc-link
capacitor, the capacitance is designed so that the current ripple
through the capacitor is maintained below the ripple current limit
of the capacitor. The dc-link voltage fluctuation by change of
the load is also taken into account [29]. Normally, about 680 μF
electrolytic capacitor with the ripple current rating of 3–4 A
and the dc voltage limit of 400–450 V can be used in the motor

drive with 1 kW power rating. Here, the value is determined by
the ripple current because the switching ripple voltage and the
load fluctuation are very low. On the other hand, where a film
or a ceramic capacitor is used, the current ripple limit is not so
critical. The limitations of the design are the switching ripple
and the load fluctuation in dc-link voltage. Since the energy
of load fluctuation is higher than that of switching ripple, the
applications without any load fluctuation should be considered
for the inverter system with the small dc-link capacitor. Finally,
the switching ripple voltage can be only the design criterion.
The load fluctuations can be suppressed by the control in the ap-
plications of air conditioner, pump, compressor, etc. Therefore,
the small dc-link capacitor configurations have been considered
and commercialized only for these applications.

The large voltage ripple can reduce the voltage for the motor
control, generate the electromagnetic noises, or make the low
conversion efficiency, so keeping the switching ripple of the dc-
link voltage under certain limit is important. In this paper, a 5 μF
film capacitor is used as a dc-link capacitor so that the switching
ripple at rated power is below 10% of the dc-link voltage peak.
By using a film capacitor, over 99% of the capacitance is reduced
in comparison with the electrolytic capacitor drive.

III. CONDITIONS FOR SINUSOIDAL GRID INPUT CURRENT

Assuming that the voltage drop in diode rectifier is ignorable,
the relationship between the grid input current and the dc-link
voltage in positive vg case is defined as follows:

vg − vdc = Rgig + Lg
dig
dt

(1)

where Rg and Lg are the grid resistance and inductance, includ-
ing line filter impedance. Fig. 1(b) and (c) shows the waveforms
of vg , vdc , and ig in the drive with electrolytic capacitor and
in the drive without electrolytic capacitor. The relationship in
negative vg can be expressed from (1) by changing vg to −vg .
The shape of dc-link voltage when sinusoidal grid input current
flows into the drive is calculated from (1). In case of the proposed
motor drive, Rg and Lg are so small that they can be ignored.
Therefore, where the grid voltage is sinusoidal, the shape of
dc-link voltage for sinusoidal grid input current is expressed as
follows:

vdc = Vg sin θg + RgIg sin θg

+Lg
d

dt
(Ig sin θg ) ≈ |Vg sin θg | (2)

where Vg and Ig are zero-to-peak amplitudes of the grid voltage
and current, respectively, and θg is the phase angle of the grid.
The diode rectifier, which is passively turned on and off, has
no factor to control the power of the grid side and the dc-link
voltage. Since the output power of the inverter is the only factor
which can control the dc-link voltage, the shape of the output
power should be exactly determined to make the dc-link voltage
as (2). Where the grid input current is sinusoidal, the input power
from the grid is given by

Pg = |vdc | |ig | = |Vg sin θg | |Ig sin θg | = VgIg sin2(θg ). (3)
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Here, the electric power by fluctuating dc-link voltage is cal-
culated as

Pdc = vdc · Cdc
dvdc

dt
=

1
2
ωgCdcV

2
g sin(2θg ) (4)

where Cdc is the capacitance of the dc-link capacitor and ωg is
angular speed of the ac grid. As in (5), the output power of the
inverter Pinv with sinusoidal grid input current is calculated by
subtracting (4) from (3). In other words, Pinv is controlled as
follows in order to obtain the sinusoidal grid input current of
the motor drive:

Pinv = Pg − Pdc = VgIg sin2(θg ) −
1
2
ωgCdcV

2
g sin(2θg ).

(5)
The output power of the inverter is determined by the inner

product of the motor current vector and the motor voltage vector,
as in (6). Using the d–q voltage equation (7) of the IPM in
the synchronous reference frame, (6) is derived as the sum of
the mechanical power of the motor, the conduction loss of the
motor, and the inductive power by change of the motor current,
as in (8)

Pinv = 1.5(�vdq ·�idq ) = 1.5(vdid + vq iq ) (6)

vd = Rsid + Ld
did
dt

− ωrLq iq

vq = Rsiq + Lq
diq
dt

+ ωr (Ldid + λf ) (7)

Pinv = 1.5ωr iq {λf + (Ld − Lq )id}

+1.5Rs(i2d + i2q ) + 1.5
(

Ldid
did
dt

+ Lq iq
diq
dt

)

= Pm + Ploss + Pind (8)

where vd , vq , id , iq , Rs , Ld , Lq , λf , and ωr are voltages and
currents of the motor in arbitrary d–q reference frame, the stator
resistor, the d–q axis inductors, the flux by the permanent magnet
of the motor, and the angular speed of the motor.

One more thing to be considered for regulating vdc as in
(2) is the output voltage of the inverter. In case that the motor
connected to the drive is operated at high speed, the line-to-line
voltage of the motor can be higher than the dc-link voltage. This
leads to the energy generation and rise of the dc-link voltage.
In order to prevent them, the amplitude of the inverter output
voltage reference |v∗

out | is controlled to be lower than or equal
to the output voltage limit of the inverter, as shown

|v∗
out | ≡

√
(v∗

d)2 + (v∗
q )2 ≤ Vlim ≈ |Vg sin(θg )|√

3
(9)

where v∗
d and v∗

q are the output voltage references of the inverter
in arbitrary d–q reference frame, respectively.

IV. PROPOSED GRID-INPUT-CURRENT-SHAPING METHOD

The block diagram of the proposed method is shown in Fig. 2.
The current reference generator and the output power con-
troller are added to the cascaded speed and current controllers,
and overmodulation method considering the dc-link fluctuation
is proposed. In the proposed method, fast grid-input-current-
shaping can satisfy (5) and (9).

A. Generation of the Reference

The peak amplitude of the current Ig in (5) is determined by
the mechanical power of the motor

P ∗
inv ≈ 2ωrmT ∗

e sin2(θg ) − 0.5ωgCdcV
2
g sin(2θg ) (10)

where ωrm and T ∗
e are the rotational speed and the torque ref-

erence of the motor. As the amounts of Ploss and Pind in (8) are
considered, Ig becomes larger than the calculated one. Here, in
order to find out the grid angle θg , the fluctuating vg or vdc is
used as input of the phase-locked loop (PLL) block in Fig. 2.

In the d–q current reference generation, (9) and (10) are ex-
pressed as (11) and (12), represented with the d–q currents of
the motor

1.5ωr iq {λf + (Ld − Lq )id} + 1.5Rs(i2d + i2q )

+ 1.5
(

Ldid
did
dt

+ Lq iq
diq
dt

)
≈ 2ωrm T ∗

e sin2(θg )

− 0.5ωgCdcV
2
g sin(2θg ) (11)

By solving (11), and (12) as shown at the bottom of the page,
the d–q current waveforms that satisfy both conditions can
be calculated. However, because the conditions have nonlin-
ear terms, it needs the complicated algorithm and long time to
obtain accurate solutions. To solve them easily and fast, the pro-
posed motor current reference generation method approximately
calculates the motor current reference. The approximated d–q
current waveform using Fourier series is presented as follows:

id = Id,0 +
∞∑

k=1

Id,k sin(2kθg + φd,k ) ≈ Id,0

+
n∑

k=1

Id,k sin(2kθg + φd,k )

iq = Iq,0 +
∞∑

k=1

Iq,k sin(2kθg + φq,k ) ≈ Iq,0

+
n∑

k=1

Iq,k sin(2kθg + φq,k ) (13)

where Id,k , Iq,k , φd,k , and φq,k are the zero-to-peak ampli-
tudes and the phases of kth harmonic components of the d–q

√(
Rsid + Ld

did
dt

− ωrLq iq

)2

+
{

Rsiq + Lq
diq
dt

+ ωr (Ldid + λf )
}2

≤ |Vg sin(θg )|√
3

(12)

.
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Fig. 2. Overall block diagram of the proposed grid-input-current-shaping method.

currents, respectively. Since Pinv and vdc fluctuate with twice
the grid frequency, the fundamental one of the Fourier series is
defined as this frequency. The value of n is determined in consid-
ering the bandwidth of the motor current controller. If n is big,
the reference has harmonic components at the high frequency
and they cannot be controlled due to the limited bandwidth. In
opposite case, if n is small, the output power from the approx-
imated current reference has a big error with the output power
reference in (10).

The reference calculation process is as follows. First, one
case of the d–q current waveforms can be determined as (13)
by setting the amplitude variables and the angle ones. In this
step, Id ,0 and Iq ,0 are selected to satisfy the torque reference.
The output power error and the margin of the output voltage can
be found by substituting them to (11) and (12). By changing
the variables and repeating the process mentioned earlier, the
solution of two conditions that minimizes these errors can be
derived. Fig. 3 describes the example of the current reference
generation. It can be found that the calculated current reference
approximately satisfies both (11) and (12). A lot of computation
time is required to search the coefficients in (13), which satisfy
(11) and (12). It is hard to finish this calculation in single sam-
pling period, so the references at several operating points are
calculated in off-line and saved as the lookup table.

In the motor current controller, feed-forward voltage refer-
ence is used to compensate the effect of the back electromotive
force (EMF). Since both d–q currents of the motor can fluc-
tuate, the compensation of the feed-forward voltage reference
is more important in the proposed motor drive case. The d–q
feed-forward voltage references are expressed as follows:

v∗
d,f f = −ωrLq i

∗
q

v∗
q ,f f = ωr (Ldi

∗
d + λf ). (14)

Since the output power of the inverter fluctuates as twice
of the grid frequency, the components of n = 0 and n = 1 are
dominant in (13). To regulate the motor current as the fluctuating
reference with minimizing the control delay, the bandwidth of
the motor current controller is designed sufficiently higher than
the dominant frequency of the reference [30]–[33]. The closed-
loop gain of the motor control system, including the PI current
controller and the motor plant is shown as follows:

i

i∗
=

kp + (ki/s)
(sL + R + kp + (ki/s))

Fig. 3. Example of motor current waveforms. (a) d–q currents. (b) Output
voltages. (c) Output power of the inverter.

=
Lωcc + (Rωcc/s)

(sL + R + Lωcc + (Rωcc/s))
=

ωcc

s + ωcc
(15)

where R, L, and ωcc are the resistance of the motor, the in-
ductance of the motor, and the bandwidth of the PI current
controller, respectively. The discrete switching effect can be ig-
nored because the switching frequency is much higher than the
magnitudes of the negatives poles in (15). In this paper, the
bandwidth of the motor current controller is set as 600 Hz. With
this bandwidth, the phase delay at s = 120 Hz is about 10°.
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Fig. 4. Vector diagram of the voltage modification for the output power con-
trol. (a) P ∗

in v ,c c < P ∗
in v < P ∗

in v ,f f or P ∗
in v f f < P ∗

in v < P ∗
in v ,c c . (b) P ∗

in v >

P ∗
in v ,c c and P ∗

in v > P ∗
in v ,f f . (c) P ∗

in v < P ∗
in v ,c c and P ∗

in v < P ∗
in v ,f f .

B. Direct Inverter Output Power Control by Voltage
Reference Modification

The grid input current harmonics cannot be suppressed ex-
actly only by the motor current control with d–q current ref-
erences aforementioned, since the current controller with low
bandwidth cannot follow the high order reference. The current
controller also cannot reject the high-frequency resonant cur-
rents between line inductance and dc-link capacitor, since the
resonant frequency of the drive without electrolytic capacitor is
usually higher than the bandwidth of the current controller. The
proposed motor drive is a voltage-source inverter (VSI) type,
and it can generate the output voltage as the reference in a sin-
gle switching period [34]. Therefore, with the direct control of
the inverter output power by output voltage control, the output
power of the inverter can follow the reference more correctly
and faster than the conventional methods using motor current
control.

In case that the output power calculated with the motor cur-
rent vector and the output voltage reference vector from the
current controller is not equal to the output power reference in
(10), the voltage reference vector is modified to compensate
the difference. Since the voltage reference modification can af-
fect the performance of the current controller and the dynamics

of the motor current, the strategy to minimize these effects is
needed. Fig. 4 shows the vector diagram of the proposed out-
put voltage reference modification. In Fig. 4, �v∗

dq,cc , �v∗
dq,f f ,

�v∗
dq , Δ�v∗

dq , and�idq are the d–q voltage reference from the cur-
rent controller, the d–q feed-forward voltage reference, the final
output voltage reference, and the d–q current vector, respec-
tively. The dashed line perpendicular to the current vector is the
trace of the voltage vectors which generate the output power.
P ∗

inv ,cc , P ∗
inv ,f f , and P ∗

inv are the output power references calcu-
lated from �v∗

dq,cc ,�v∗
dq,f f , and�v∗

dq , respectively. Fig. 4(a) shows
the case that P ∗

inv is located between P ∗
inv ,cc and P ∗

inv ,f f . In
this vector diagram, Δ�v∗

dq means the voltage disturbance to the
current controller and �v∗

dq − �v∗
dq,f f is the dynamic voltage com-

ponent, which is related to the motor current dynamics. The
motor current can be increased where �v∗

dq − �v∗
dq,f f is large.

�v∗
dq − �v∗

dq,f f should be small for the stable motor current con-
trol. Hence, the voltage reference is modified along the shortest
path from �v∗

dq,cc to �v∗
dq,f f through P ∗

inv line in the proposed
method. This voltage modification strategy can minimize the
effects on the motor control. The output voltage reference is
modified in the same manner in the case that P ∗

inv is larger or
smaller than both P ∗

inv ,cc andP ∗
inv ,f f , as shown in Fig. 4(b) and

(c). The modified voltage in these cases are selected as the ones
with the shortest distance between �v∗

dq and �v∗
dq,f f , based on the

dashed line.
By applying the voltage modification method, the bandwidth

of the power controller is widened to about half of the switching
frequency. Therefore, the high-frequency currents by the res-
onance can be suppressed, and the output power error can be
reduced without controlling the high order current reference.
Also, the voltage modification to the back-EMF vector can min-
imize the effect on the current regulation performance [35].

C. Overmodulation Method With Maintenance
of Output Power

In case that magnitude of the output voltage reference is over
the output voltage limit of the inverter, overmodulation method
is applied so that the output voltage reference is reduced into
the output voltage limit. There is no consideration on the out-
put power of the inverter in the conventional overmodulation
method [35]–[41], so the output power can be changed after
the voltage reference is limited by overmodulation. This output
power error can distort the grid input current, so the strategy to
keep the output power of the inverter during overmodulation is
needed. The proposed overmodulation method limits the output
voltage reference along the dotted line so that inner product of
the motor current vector and the output voltage reference after
modification has the same value. The output voltage limitation
to the other sector can be accepted to keep the output power. The
implementation of the proposed overmodulation method is more
difficult than the conventional one, since several vector calcu-
lations are needed to get the limited output voltage reference.
Fig. 5 represents an example of the proposed overmodulation
method.
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Fig. 5. Vector diagram of the voltage modification for the proposed overmod-
ulation method.

Fig. 6. Control Block diagrams. (a) Motor current control loop. (b) Output
power control loop.

D. Stability Analysis of the Proposed Motor Drive System

The stability of the proposed system is analyzed in two as-
pects: the stability of the motor current control system and the
stability of the grid current control system. Brief control loop
of two systems are shown in Fig. 6. First, in the motor cur-
rent controller as shown in Fig. 6(a), the output of the inverter
output power controller acts as a disturbance. Assuming that the
nonlinear effect of the overmodulation is negligible, the d-axis
current response due to this disturbance is shown as follows:

id
Δv∗

d

∣∣∣∣
i∗d =0

=
1

Rs + sLd + kpd + (kid/s)

=
1
Ld

s

(s + (Rs/Ld)) (s + ωcc)
(16)

where kpd and kid are the gains of the d-axis PI current con-
troller. In this transfer function, it can be seen that the function is
stable since the number of poles is larger than the number of ze-
ros and all of the poles are negative. In (16), same as in (15), the
switching effect is ignored. The q-axis current response is also
stable because the q-axis current controller has same structure
with the d-axis current controller. Therefore, it can be found that
the effect of the power controller on the motor current converges
to zero.

As shown in Fig. 6(b), since the proposed power con-
troller directly compensates the output power error through the

Fig. 7. Experimental hardware configuration.

feed-forward loop, the control loop gain is 1 where the overmod-
ulation effect and the discrete sampling effect are neglected. In
other words, all of the grid current harmonics including the one
by LC resonance of the line filter and the dc-link capacitor can
be correctly regulated through the proposed power controller.
However, the grid current control loop gain is asymptotically
shown as the first low-pass filter, when the influence of the
sampling effect is considered. The control loop gain of the
power controller considering the sampling effect is shown as
follows:

Pinv

P ∗∗
inv

=
1.5(vdq · idq )
1.5(v∗∗

dq · idq )
=

vdq

v∗∗
dq

=
1

1 + sTd
(17)

ig
i∗g

=
Pg

P ∗
g

=
Pinv + Pdc

P ∗∗
inv + Pdc

∼= 1
1 + sTd

(18)

where Td is the delay time due to the sampling effect. It can be
found that the grid inductance Lg should be designed so that
the resonant frequency is lower than the cutoff frequency of the
power controller and the proposed controller can suppress the
resonant components of the grid current. In this paper, designed
Lg including the line inductance is 300 μH. The resonant fre-
quency with 300 μH Lg is about 4 kHz, which is lower than half
of the switching frequency.

V. EXPERIMENTAL RESULT

Experiments are performed to verify the performance of
the proposed grid-input-current-shaping method. Experimen-
tal hardware is configured as in Fig. 7. The test motor is a
1-kW IPMSM, and the proposed controller is implemented with
TI digital signal processor (DSP) TMS320C28346. The power
meter VOLTECH PM6000 is used to measure the grid current
harmonics and compare with the regulation. The parameters of
the experimental hardware are listed in Table I.

The grid-input-current-shaping performance with conven-
tional cascaded speed–current controller is shown in Fig. 8. The
load machine is controlled as the rated speed and the average
torque of the test motor is controlled as the rated torque. Each
waveform from top to bottom shows the grid input current, the
dc-link voltage, the q-axis current, and the d-axis current of the
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TABLE I
PARAMETERS OF THE EXPERIMENTAL SYSTEM

Parameter Values

Rated power 1 kW
Rated speed 3600 r/min
Rated torque 2.65 N · m
Stator resistance 1.09 Ω
d-axis/q-axis inductance 8.77 mH/12.87 mH
Back-EMF constant 0.0947 V · s/rad
Number of poles 6
DC-link capacitance 5 μF
Line filter inductance 300 μH
Grid voltage 220 Vrms
Grid frequency 60 Hz
Switching frequency 10 kHz
Sampling frequency 10 kHz

Fig. 8. Waveforms of the motor drive with the conventional cascaded speed–
current controller.

Fig. 9. d–q axis current control errors: (a) in the constant current reference;
(b) in the reference generated by the proposed current reference generation
method.

motor. Since the dc-link voltage fluctuates as the frequency of
120 Hz, the motor currents are not well controlled. Furthermore,
the grid input current has harmonics over the limit because the
output power of the inverter is not considered.

From Figs. 9 and 10, the performances of the system where
the proposed reference generation is added to the conventional
controller can be found. Fig. 9(a) shows the error between the
motor current and the reference current (i∗d − id , i∗q − iq ) while
the constant d–q current references are generated, and Fig. 9(b)
shows the error with the proposed current references. These
figures show that the motor current control error of the proposed
method is reduced, especially in the low dc-link voltage area.

Fig. 10. Waveforms of the motor drive with the proposed current reference
generation method.

Fig. 11. Waveforms of the motor drive with the proposed current refer-
ence generation method and the direct inverter output power control method.
(a) Conventional overmodulation method. (b) Proposed overmodulation method.

However, the grid current harmonics are still over the limit,
as shown in Fig. 10. It is due to the low bandwidth of the
current controller and approximation in the current reference
calculation. It clearly shows the limit of the grid-input-current-
shaping method by motor current manipulation.

Next, the performance with entire proposed controller is ver-
ified. Fig. 11(a) shows the waveforms in the conventional over-
modulation [35], and Fig. 11(b) shows the results in the proposed
overmodulation. It can be seen that the grid current harmonics
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Fig. 12. Grid input current harmonics and the regulation limits. (a) Proposed
grid-input-current-shaping method. (b) Grid-input-current-shaping method by
manipulating motor current [22].

Fig. 13. Output voltage waveform with the proposed grid current shaping
method: (a) under low load and (b) under the rated load.

are significantly reduced. And with the proposed overmodula-
tion method, the grid input current can be shaped even if dc-link
voltage is low. Fig. 12(a) and (b) shows the measured amplitudes
of the harmonics in the grid input current, compared with the
regulation. It can be found that the harmonics with the proposed
method are far below the limits. The total harmonic distortion
(THD) of the grid input current is 2.52%, and the power factor
(PF) of the grid is over 99%. Fig. 13 shows the output voltage
waveform with the proposed control method. The output voltage
condition (9) is found to be satisfied with the proposed method.

The dynamic load performance of the proposed motor drive
is verified by the additional experiment. The zero-to-rated step
torque and rated-to-zero torque is applied by the load motor
where the speed of the test motor is controlled by the proposed
motor drive. Fig. 14(a) and (b) shows the step load performance
of the proposed motor drive. The rated-to-zero step response
time is about 100 ms longer than the zero-to-rated step response
time. It is because minimum torque of the proposed drive system

Fig. 14. Step load torque responses of the proposed motor drive: (a) Zero-to-
rated torque response. (b) Rated-to-zero torque response.

Fig. 15. Capability curve of the motor with the proposed motor drive and with
the conventional motor drive.

is limited to zero and torque undershoot is blocked. In the pro-
posed system, since a diode rectifier is applied at the grid side
and the dc-link capacitance is small, the output torque should be
controlled over zero to prohibit the system entering in generating
mode and the dc-link voltage rising high.

Finally, the capability curve of the proposed system is mea-
sured by the experiment. Because of the small dc-link capacitor,
the dc-link voltage in the proposed drive is fluctuating and the
average dc-link voltage is reduced to about 0.707 of the voltage
in the conventional drive. Also, regular fluctuation of the mo-
tor current in the proposed system makes the root-mean-square
(rms) motor current higher than the current in the conventional
system at the same power point. Due to these reasons, the re-
duction of the capability curve in the proposed motor drive is
inevitable. Fig. 15 shows the capability curves of the conven-
tional drive, the conventional drive with 0.707 of the dc-link
voltage and the proposed drive with the same motor. If the ther-
mal margin of the motor is large enough so that current rating
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of the proposed system can be designed higher than the rating
of the conventional one, capability curve of the proposed drive
will be less reduced.

VI. CONCLUSION

This paper proposed the grid-input-current-shaping method
that is applied to the motor drive without electrolytic capacitor.
Since dc-link capacitance of the proposed drive system is very
small, the waveform of the grid input current is directly affected
by the output power of the inverter. Several shaping method were
proposed to reduce the harmonics, but the output power of the
inverter was not correctly controlled due to the limitations of the
controller. To control the output power of the inverter fast and
correctly, the grid-input-current-shaping method was proposed
in this paper. The current reference generation, the direct output
power control by modification of the output voltage reference,
and the overmodulation method that maintains the output power
of the inverter after the output voltage limitation were included in
the proposed method. With the proposed method, the harmonic
components of the grid input current can be suppressed under
the limits in regulation, without the PFC circuit or the input
filter. During the grid input current is shaped, angular speed
and torque of the motor also can be regulated. Compared to the
conventional motor drive, significant advantage in terms of cost
and volume is expected by applying the proposed motor drive.
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