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Grid Current Shaping Method with DC-Link Shunt
Compensator for Three-Phase Diode Rectifier-Fed
Motor Drive System
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Abstract—This paper proposes grid current shaping method us-
ing dc-link shunt compensator for three-phase diode rectifier sys-
tem without electrolytic dc-link capacitor. In the proposed method,
the diode rectifier system can satisfy the grid regulation IEC61000-
3-12 without any power factor correction circuit or heavy grid filter
inductor. The proposed grid current shaping method can be real-
ized by applying DSC with reduced-rating components and with-
out electrolytic capacitor, which is connected parallel to the dc link.
Since DSC has no electrolytic capacitor, the system with DSC has
high circuit reliability. Furthermore, DSC can enhance the system
efficiency, especially in flux-weakening area, since the motor drive
inverter recovers the reduced modulation index, which has been
spent in the additional control for small passive components. This
paper presents the control method for DSC and analyzes the effect
of proposed method. The feasibility of proposed method is verified
by simulation and experimental results.

Index Terms—DC-link shunt compensator (DSC), electrolytic
capacitor-less system, grid current harmonic improvement, motor
drive inverter, three-phase diode rectifier system.

1. INTRODUCTION

HE conventional diode rectifier-fed system shown in Fig. 1
T applies passive components such as grid filter inductor and
dc-link capacitor for smoothing the output power and reducing
the grid current harmonics. However, these components occupy
so much space so that the size of the overall system is dominantly
determined by them. Furthermore, the electrolytic capacitor in
dclink is prone to failure and severely lowers the reliability of the
system. Therefore, many engineers have been investigated about
the methods for reducing or removing the electrolytic capacitor
[1]-[12]. Most of the alternative systems usually replace the
electrolytic capacitor in dc link with film or ceramic capacitor,
which has much higher reliability but much less capacitance
per unit volume than the electrolytic one. These systems are
named as “small dc-link capacitor system” or “reduced dc-link
capacitor system” [13]-[15].
The small dc-link capacitor system (SDCS) has stability issue
due to the reduced dc-link capacitance and negative impedance
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Fig. 1. Conventional three-phase diode rectifier system.
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Fig. 2. DC-link voltage and grid current of three-phase SDCS without grid
filter inductor.

characteristic caused by constant power load (CPL). Several sta-
bilization methods for the small dc-link capacitor system have
been proposed to solve this problem [1]-[5], [8], [16]-[18].
These stabilization methods apply additional voltage to the mo-
tor to stabilize the system, so they can suffer the degradation
of system performances, such as the torque fluctuation and the
reduced efficiency. Other methods with auxiliary circuits which
perform the stabilization control instead of the motor drive in-
verter have been also proposed to stabilize the system with
enhanced motor drive performance [9]-[11], [19].

On the other hand, many researchers have found that SDCS
basically also has low grid current harmonics as well as high re-
liability [13]-[15], since the small capacitance in dc link makes
less effects on the grid current harmonics [21], [22]. As shown in
Fig. 2 and Table I, the grid currents of SDCS without grid filter
inductor satisfy the grid harmonic regulation of IEC61000-3-12
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TABLE I
GRID CURRENT HARMONIC OF SDCS WITHOUT A GRID FILTER INDUCTOR

0Odd-Order Harmonics, THD, and PWHD (7, /I, , %)

I I7 Iy Lis THD PWHD
TIEC61000-3-12, 40 25 15 10 48 45
Rsce.min = 350
SDCS w/o L. 17.59 17.00 9.12 8.80 30.25 61.91

Even-Order Harmonics (1, /1, , %)

I Iy Is Is Lo P
TIEC61000-3-12, 8 4 2.7 2 1.6 1.3
Rsce.min = 350
SDCS w/o Ly 0.03 0.10 0.29 0.12 0.05 0.07

idiods iin"

i 2 2 ‘icamr
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Fig. 3. Motor drive system with DSC.

Rgyce.min = 3507 except partial weighted harmonic distortion
(PWHD), which is defined as

10 I,\*
PWHD = \/an n <11> ()

where I; is the magnitude of the fundamental grid current and
I,, is the magnitude of the n-order harmonic current. It means
that the system can satisfy the grid regulation and be applied to
industry applications, such as air compressor and pump, if higher
order harmonics of grid current are improved. If some current
harmonics under the limits are granted, the compensation circuit
can be miniaturized in comparison with other circuits, which
synthesize sinusoidal grid current [23]-[26].

This paper proposes the grid current shaping method for
SDCS with a dc-link shunt compensator (DSC) as in Fig. 3. By
using a compensation current %com, from the proposed method,
DSC system (DSCS) can satisfy grid regulation IEC61000-3-
12 without a heavy grid-side inductor. Since 7., generated
by DSC is made up of small amount of ripple power to attenu-
ate higher order harmonics, DSC is designed with small rating
components and can be miniaturized. Although auxiliary circuit
DSC is added, the efficiency of total motor drive system can be
improved in flux weakening area by saving extra MI margin
which should be used for grid current shaping method if DSC
is not utilized. Therefore, the torque-ripple-free and more effi-
cient motor drive system can be realized by adopting DSC. The
validity and feasibility of proposed system are verified by the
simulation and experimental results.
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Fig. 4. Equivalent circuit, including icomp-

II. GRID CURRENT SHAPING METHOD FOR A THREE-PHASE
DIODE RECTIFIER-FED SYSTEM

From DSCS, an equivalent circuit including i.omp, can be
depicted as Fig. 4, where L., and R, are equivalent impedances
represented as

Re q =

3w, L
2R, + Rac + g
’ ™

Leq - 2Lg + de (2)

where L, and R, are the grid impedances, w, is the grid angular
speed, and 3w, L, /p is a term for nonohmic voltage drop due to
commutation [4], [S]. Since i¢omp 18 injected from dc-link side,
itis desirable that 7., should be 6m harmonics of grid angular
frequency (m = 1,2, ...) in order not to make unbalanced cur-
rent into the three-phase grid. There are various candidates to
meet this condition, and the waveform proportional to 6m har-
monics of dc-link voltage is one of the best solutions in terms
of MI utilization and grid current harmonics reduction. At first,
from Fig. 4, the inverter current ;,, can be derived as

Py - By, -~ By, Py 7 3)
- ~ ~ - 9 dcl
Vdcl Vdc() + Vdc1 V::lc(] Vdc()

liny =

by Taylor series, where V.o is average value of main dc-link
voltage, P,,, is amount of CPL, and 74.; is 6m harmonics in
dc-link voltage. Referring to the ripple value of %y, icomp can
be generated as

an ~

icomp = QVTVdcl (4)
dc0

where « is weighting factor. Then ¢4j,4, is calculated as

idiode ~ iinv + icomp = ‘f/)mv + (a — 1) 51;\] Ddcl (5)
dcO dc0
Here, it is assumed that dc-link capacitor current ¢4, is neg-
ligible due to very small Cyc. igioqe becomes constant value
Py /Vaco where «v is 1. If «v is higher than unity, however,
the second term in the right side of (5) is increased and the
harmonics of grid current are also changed. Since these added
harmonics contain 6m harmonics of grid angle and are even-
function, they have equal influence on three-phase grid current.
Furthermore, since 7., is controlled as (4), harmonic influ-
ence on the grid side is theoretically maintained regardless of
output power condition.
idiode 10 (5) becomes each of three-phase grid currents when
corresponding diodes are conducting. The waveform of one grid
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Fig. 5.  Grid current shape variation according to a.

current is shown in Fig. 5 in case that grid-side inductance is
negligible. As shown in this figure, the shape of grid current
is clear square wave where v = 1, and the smooth waveform
is obtained as « is increased.

Assuming that the system is stable and the grid voltage is
Vin - cos(wyt) where V,,, is peak value of grid voltage and w,, is
grid angular speed, 7/4.; becomes maximum value of line-to-line
grid voltage and expressed as

Ude1 ~ Vi, cos (wgt —(2k — 1)%) — Vaco (6)

where kK = 1,2, ...6 during one grid period. Here, V,,, can be
calculated as

Y
‘/m = g ‘/ch (7)

by using that the average value of (6) is zero. From (5), tgiode
can be derived as

‘PiHV 7T-Pinv
ldiode = 2 —a)5— + (v — 1)
diod ( ) dcO ( )3‘/;100
s
X €os (w_,,t—(?k—l)g). (8)

The grid current 7, shown in Fig. 5 can be calculated from
(8). The Fourier series form of i, is shown as follows:

iy = ag + Z (@, cos(nwyt) + by, sin(nw,t)) 9)

n=1

where a and b,, are zero, and a,, is given by (10) shown at the
bottom of the page. From (10) , magnitude of each harmonics

1281
[%]
45
40 —2— 51
ve@es Tth
A ~— &= 11th
k(1] 13th
25
20
. .-.""v,
M e & -» 3‘*@:—.& G B PP = B D === P= 3
s e T
o— P 4
0 .
1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 B85 9
1]
Fig. 6.  Grid current odd-order harmonics variations according to .
[%a]
3
e 2l
2.8 soder Jihy I}
—®= 6th T
: $th i
) =@ - 1hth )r,r."
L5 =@ = 12th > F
_
T
1 pnd
by 2 w0 L iy
. o
0.5 _“,’( e :__.,.-—.-".
0
1 1.5 2 25 3 35 4 45 5 55 6 65 7 75 % %5 9
1}
Fig. 7. Grid current even-order harmonics variations according to «.
iy (n)| is rearranged to
Py m
(20(n) - —P(n))
: Vaco 3
lig(n)| = an = P (1D
inv (T
(—P(n)—O(n) a
Vch 3

Here, a,, is linearly decreasing as « is increasing from the
most of harmonics except fifth- and even-order harmonics. By
using this factor, grid current harmonics can be adjusted.

Figs. 6 and 7 show the odd- and even-order harmonics of the
grid current, respectively, and Fig. 8 describes the total harmonic
distortion (THD) and PWHD. As « is increased, most of odd-
order harmonics are reduced except the fifth-order harmonic,
whereas even-order harmonics shown in Fig. 7 are slightly
increased. The increments of even-order harmonics are rela-
tively very small in comparison with variations of odd-order

(10)

O(n)
RHV .
a, = (2— )VdCO - (Slﬂ( %) + sin (n—>>
1 : T m
m By 1 [ 7or (sin(§n—§)
—1)= -
BRI R PR

—sin § — sin (7m — %) + sin (%“n + %))
n

(sin (%n + %) + Sin% — sin (ﬂ'n + %) + sin (ZT“
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Fig. 9.  Simulation results of grid current harmonics where o = 1 and 3.7.

harmonics. The harmonics are increased again when their sign
is reversed. The magnitudes of 7th and 13th-order harmon-
ics rebound at o > 6.5 and « > 8, respectively, and the re-
bounded points of higher order harmonics are located at higher
a. As shown in Fig. 8, the PWHD is steadily decreased since
higher order harmonics over 14th are all decreased. By using
this factor, the harmonics can be reduced below the limit by
adjusting .

For example, Fig. 9 shows the fast Fourier transform (FFT)
results of the waveforms in comparison with grid regulation
IEC61000-3-12 Ryce.min = 350”. In the case of square wave
(aw = 1), the harmonics of the waveform meets grid regulation
except PWHD. However, in case that o > 1, PWHD is gradually
decreased and satisfies the grid regulation of 45% at oo = 3.7
(PWHD = 44.96%). Although the fifth-order and even-order
harmonics are increased, they still have enough margin to reach
grid regulations. Therefore, the system with DSC can satisfy grid
regulation where o > 3.7. By adopting this proposed method,
the system always provides same harmonic spectrum regardless
of P, since compensation harmonics is proportional to P, .

III. DC-LINK SHUNT COMPENSATOR SYSTEM

A. System Configuration

The configuration of the system including DSC is shown
in Fig. 10. In comparison with the conventional diode recti-
fier system, the heavy dc reactor and the dc-link capacitor are
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Fig. 10.  Configuration of the system with boost-type DSC.

replaced with DSC. In this figure, DSC is implemented as boost
converter, but it is also possible to adopt other converters that
can transfer the power to floating capacitor Cy.2. There are two
important considerations to decide type of DSC: One is energy
capacity and another is system miniaturization. For example, in
cases of boost and buck converters, their capable energy can be
calculated by using capacitor energy capacity

1
E = ichQ(Vdechax - ‘/(1202.111111) (12)

where the maximum and minimum available capacitor voltages
are, respectively, Vico max and Vieo min. In the former case, E
is 28800 Cgqco J where Vieo max and Vieo min are set to 400
and 320 V, respectively, considering 220 — V;,s system with a
600 V device. In contrast, E of the latter is 31250C.2 J where
Vic2.max and Vieo min are 250 and 0 'V, respectively. Therefore,
the latter has slightly high energy capacity. However, the DSC
characteristics such as efficiency and design factor are changed
because inductor current of the latter is higher than that of
the former assuming that the average output current is same.
Moreover, the former has great advantage of continuous output
current, which is important for the proposed control method.
Thus, this paper chooses boost converter as a DSC structure.

The boost converter, which shares the ground with main sys-
tem, also has many merits in low-cost system implementations
such as gate power supply with bootstrap circuit, voltage sensing
without photocoupler or isolation sensor, and inductor current
sensing by using shunt resistor. In summary, it is desirable for
adopting the boost converter as DSC, considering substantive
circuit design.

B. Control of DSC

The control block diagram for DSC is described in Fig. 11.
The blocks are divided into three parts: 4.2 controller, grid
current shaping block, and current controller. In 4.2 controller,
the average value of floating dc-link voltage vq.» is regulated as
its reference value v} ,. PI controller is used for the regulator,
and the floating capacitor current reference i, is generated by
summation of the voltage controller output 4.2 ¢, and feedfor-
ward term 7q.2 . The derivation of feedforward term will be
explained in subsection C. Finally, the Cy.o current reference
1,,. 1s generated after passing a notch filter which is designed
for removing ripples which come from v/4.2. Since the main fre-
quency of this ripple is 6 w, (w, = 1207 rad/s), the bandwidth
of notch filter wxr is designed as 7207 rad/s and damping ration
(nr 1s set to 0.707.
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Fig. 11.  Control block diagram of DSC.

To design two gains of voltage controller, K; ,. and K, .,
the transfer function of voltage controller can be derived as (13).
Here, the notch filter is neglected considering that the bandwidth
of voltage controller w, . is much smaller than wny. Therefore,
the transfer function of the notch filter can be assumed unity
near w, .

Vdc2 _ (KP-I/C/OdCQ)S + (Ki.mz/cch)
s? + (KP-VC/CdCQ)S + (Ki.VC/CdCQ) .

Comparing with the general form of second order transfer
function represented as

(13)

*
Vica

Vde2 QCVCWVCS + (A)ZC (14)
Vi 52420 cwies +wl,
K, ,cand K; . are set to
KpAl/(i = 20{1(:2@/(1(4)1/(; and KI@V{; = dCQwZC (15)

respectively. In this paper, w,. is set to 207 rad/s. From (13),
if ¢, is too small, the transfer function shows overshoot near
wy . Therefore, it is good to set (, ., high enough for mitigating
the overshoot, and it is recommended that (,. is designed as
around 3-5.

In the grid current shaping block, 74.; is generated by band-
pass filter (BPF), which has a wide bandwidth to extract 6m
harmonics in v4.;. Here, the bandwidth wppr and damping ra-
tio of BPF (ppr are set to 7207 rad/s and 5, respectively. By
using this extracted harmonics and (4), i¢om;, can be easily ob-
tained. Then the sum of i.omp, and 4}, becomes the current
reference ¢, which is the input of current controller. The PI
controller is also used for the current controller, and the two
gains K, .. and K . are set to

Kp(:c = Lywee and Kj o = Rpwee (16)

respectively, where L, is the inductor, R, is the ESR of L, and
Wee 18 the bandwidth of the current controller. Then the transfer

function of this controller can be simplified as
iy - SKp.ce + Kicc

B SQL:K + S(Kp.cc + Rr) + KLCC N

Wee
S + Wee

A7)

T
Zﬂ?
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Kp,r{s + Ki:'r PWM

AR
AR
of DSC

Current Controller

It is desired to design w.. as high as possible, because ¢}
contains 6 m harmonics of w, . However, the switching frequency
of DSC should be also considered when we design we..

The dynamic response of the proposed method can be easily
demonstrated. The proposed method is based on current injec-
tion, and the compensation current 7., is generated by using
the load power P, as shown in (4). Here, assuming that ; .,
can be neglected, current reference i, equals to o, and it
means that ¢, is proportional to P;, . By using the transfer func-
tion of DSC current control loop shown in (17), L, current i,
can be expressed as

Ddcl

«
2
V;lc()

Wee Wee

S + Wee

~

ia: ~
S + Wee

RIIV .

(18)

iy

From this equation, i, shows the response characteristic of
first-order low-pass filter where P, is changed. The response
time is totally decided by the bandwidth of current controller
we. . Therefore, it is advantageous to gain w,. as high as possible
in terms of the dynamic response of the proposed method.

C. System Parameters Design

1) Cyco Design: In the DSCS, the role of Cy.o is to absorb
the ripple corresponding to (12), and the capacitance should be
designed considering a variation of v4.o caused by the ripple.
A maximum available voltage Vico max 1S commonly decided
by the voltage rating of used components such as the switching
device or capacitor, and a minimum voltage limitation Vico min
is decided as a value higher than /4.1 . The minimum limitation
is related to the duty margin of boost type DSC, in other words,
the duty of DSC should be maintained under the unity. For
example, in the case of 220 — Vi, three-phase grid tied sys-
tem, 600-V switching devices are used, and 4.1 is maximum
value of line-to-line voltage and its peak value is 311 V. Then
the Vico.max 18 set to 400 V considering safety level against
voltage spiking from each switching device, and Vjco iy 1S
chosen as 320 V considering voltage ripples in v4.; owing to
the switching current.
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Assuming that ¢, is well regulated to its reference, the capac-

itor energy equation from Cy.s is
%@ﬂﬁw:/kﬂmgﬁ+c (19)

where v, is an average leg output voltage as shown in Fig. 10

and C is integral coefficient. Assuming that equivalent series

resistance (ESR) of L, is neglected, v, is derived as

diy

E + Vier-

By substituting (4) and (20) into (19), v4ce is calculated
in (21) during —7/6 < w,t < 7/6. Here, vqc1 is assumed as
Vin cos(wgyt) for the convenient calculation. In (21), 442 is not
neglected because it is necessary to maintain balance of ca-
pacitor energy from (19). By using that vqco(—m/(6w,)) and
Vae2 (m/(6w,)) should be same, iqco is expressed as (20) at
bottom of the page.

aW2Rm»<3 T V3

2T V) s (22
o i 4> Tdc2.ff (22)

vy = Ly

(20)

Ide2 =

For example, 4.2 is —0.13 A where P, = 5.5 kW, V,, =
311V, and o = 4. This value is negligible in comparison with
icomp, but it keeps energy of Cy.2 be balanced. Since 74,2 is cov-
ered by a voltage controller in Fig. 10, the value in (22) is used
for feedforward of this controller. From (21), C is calculated as
(23) by using that the average value of vgc2 is V]

CacalVi2, o2t L,Pr (7w
C= e Wl — 41 ). 23
2 324V?2 V3 + 23)

Fig. 12 shows vg4.9 in accordance with various Cy.o. From
(21), the peak value of v4.o becomes 400 V where Cy.o is
around 38 pF. Therefore, v4.2 is bounded between V.o max and
Vie2.min Where Cyco > 38 pF. Based on Cy.5 and (12), power
rating of DSC less than 10% of rated power of the main system,
about 6% and 7.2% if 50 and 60 Hz systems are considered,
respectively. The duty of DSC D, expressed in (24) is also
illustrated in Fig. 12

Vg

Da: -

. (24)
Vdc2

In the case that Cy.2 > 38 uF, since v4.9 is always higher than
Vg1, it is guaranteed that D, does not exceed unity.

2) L, and Cy.1 Design: L, from DSCS is related with
current synthesis and switching ripple current of ¢,. Since %,
is varied sharply and the basic concept of proposed control is
current injection, it is advantageous to choose high switching
frequency fiy .psc. By using inductor voltage equation at boost
converter turn-on state, the value of L, is calculated as

(VdCQ — el )TGWDT

L, =
v JAY ™

(25)
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where Ai, is switching ripple of i,. In this paper, fiw.psc
is 20 kHz considering the maximum switching frequency of
IGBT, and the A, is chosen as 4 A in order that peak value of
(ix + 0.5A4, ) should not exceed 10 A. And then L, becomes
0.9 mH.

Cac1 in the DSCS plays a role of switching ripple absorbing
filter. The switching ripples come from both motor drive circuit
and DSC, but the ripple from motor drive circuit is normally
much higher than that from DSC. Cy.; is usually chosen suffi-
cient value in order that the peak value of 4., does not exceed
Vie2.min- However, if the value of Cy.; is too high, it has bad
influence on grid current harmonic. In this paper, Cy.; is chosen
as 20 uF.

IV. EXPERIMENTAL RESULTS

The experiment with 220-V ;4 5.5-kW laboratory prototype
motor drive system was performed. The system conditions are
shown in Table II. TMS320F28335 was used for digital signal
processor and the interior permanent magnet synchronous motor
(IPMSM) for air compressor was tested. In this experiment, the

Vieo =
de2 al, P,
+=5

m

1 Lo aLyn?Piyy
9 TP, st+ T, sin 2wyt — 3672 cos 2wt ' al, P, V., . . N 20
a— —lqeo | ——=——— cos — —sinw
Cch 9 ——r - _inv 3 dez 9Vm Wy . Cdc,2

v cosw,t — ——sinw,t
‘ Twg ‘

w,t @)
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TABLE II
SYSTEM CONDITIONS AND PARAMETERS

Condition Value
Grid voltage 220Vims
Grid angular frequency w,, 377 rad/s
Inverter switching frequency fyy .inv 10 kHz
DSC switching frequency fsw psc 20 kHz
Motor parameter
Rated power Py yted 5500 W
Maximum speed W pm . max 6000 r/min
d-Axis inductance L 4 2.16 mH
g-Axis inductance L, 3.12mH
Phase resistance R, 0.1
Flux linkage A}, 0.110 V-s/rad
Pole P 6

Vel (1000 7div.]

0 . j 3‘
J
r\ 20A/div d

rs (500 Zdiv.

Simes/eliv.

Fig. 13. Experimental results of conventional HPCS (Cy. = 2 mF, Ly, =
0.7 mH, P,y = 5.5 kW).

Vel (1001 /div.]

!r\ [20.4/div. V\ I

Fig. 14. Experimental results of SDCS with dc-link voltage stabilization
control (Cyq. = 20 pF, Lg. = 0.7 mH, P, = 5.5 kW).

Sms/div.

v (500 Vadiv,]

performance of the three systems are compared: conventional
heavy passive components system (HPCS), SDCS in [3], and
the proposed DSCS. Electromagnetic interference (EMI) filter
was adopted in all systems.

Fig. 13 shows experimental results of the conventional HPCS
where the Cy. is 2.2 mF and the value of a dc reactor Lg. is
0.7 mH. The r-phase grid currents 7., have values of 29A4,c.x
and 16A,,,5, and they satisfy the grid regulation IEC61000-3-
12. Due to the voltage drop of dc reactor, the average dc-link
voltage is 295 V.

Fig. 14 exhibits experimental waveforms of SDCS where
the capacitance is 20 pF. The grid regulation is satisfied
with reduced passive components, but the motor side output
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Experimental results of DSCS: grid current harmonics where P,y =

performances are inevitably degraded due to the stabilization
control in [3].

In the case of the proposed DSCS, two switching devices of
600 V and 14 A, an inductor L, , which has value of 0.9 mH
with greatly reduced current rating, and two capacitors (20 uF,
47 pF) are used. Figs. 15-17 show the experimental results of
DSCS where P, = 5.5 kW and « = 4. In Fig. 15, r-phase
grid current .4 is smoothly controlled as desired value shown
in Fig. 5, and it has the values of 24 A,k and 16A,p. Vqe is
regulated as the maximum of line-to-line grid voltages without
unstable oscillation, and v4.2, which absorbs the ripple energy,
is sufficiently bounded into the range from Vyco min (320 V)
t0 Vic2.max (400 V). The sampled inductor current 4, gamp, and
iys are compared in Fig. 16. 7, samp has values of 8 A, and
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changed from 0.2 to 1 p.u.

3.4 A,.s. Since i, is much lower than i,,, L, can be more
lightly designed in comparison with L4. in the conventional
systems. Fig. 17 shows the grid current harmonics of DSCS. It
was verified that the PWHD becomes lower than the limit and
the system satisfies all grid regulations where o = 4.

The output torque of SDCS shown in Fig. 18(b) shows 24.1%
increased peak value (7. peax = 10.3 Nm) and contains 48%
ripple (AT, =4 Nm) per rated torque, while those of other
systems show constant value (8.3 N-m). Fig 19 shows wave-
forms of DSCS where P, is changed from 0.2 to 1 p.u. (1.1
to 5.5 kW) considering load change of air compressor. During
transient time, 4,5 and 4.5 show good performance without any
overshoot as explained in Section III-B.

Finally, efficiencies of the systems are measured and com-
pared with one another. The measuring points are 100%, 80%,
60%, 40%, 20%, and 10% of the rated power, and the output
power is set to be proportional to square of motor speed. First,
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the efficiencies of the power conversion circuits except motor
loss are compared as in Fig. 20. As shown in the figure, SDCS,
which has a low dc-link voltage and low switching losses, shows
the best efficiency. The proposed DSCS also has a similar dc-
link voltage waveform, but its efficiency is slightly dropped
due to the additional losses from DSC. At high-power area,
since the conduction loss of L. is large, the efficiency dif-
ference between DSCS and other systems is smaller than at
low-power area.

Next, efficiencies, including motor loss, are measured by us-
ing output of a dynamo. Though the losses of a dynamo are
included, they are evenly included in all cases: thus, the ten-
dency of efficiency curves are expected to be same. Fig. 21
shows the efficiencies of three systems. Before flux-weakening
control area, three systems have almost same motor losses; thus,
the efficiency depends on the losses of power conversion circuit.
DSCS shows the lowest efficiency in low-power area due to the
switching loss of DSC, but it is not major concern in the air
compressor because the system quickly passes this area during
acceleration. At flux-weakening control area, efficiencies of the
systems are determined by amount of the output voltage margin.
Since SDCS and DSCS have relatively low v4.; (minimum vq.;
is around 260 V) and it makes the systems enter the flux weak-
ening area earlier than HPCS, the efficiency of HPCS is highest.
SDCS needs additional voltage margin for stabilization control,
so it has the worst efficiency. In the case of DSCS, motor drive
circuit in DSCS does not need the extra voltage margin due to
the support of DSC. These factors save the d-axis current and
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TABLE III
SYSTEM COMPARISON WITH THE CONVENTIONAL DIODE
RECTIFIER-FED SYSTEMS

Switch DC Inductor Capacitor
HPCS - 0.7 mH, 360 Hz, 16 A, s 680 uF x 4
SDCS - 0.7 mH, 360 Hz, 16 A,, s 20 uF
DSCS 2 0.9 mH, 20 kHz, 3.4 A, 20 uF, 47 uF
TABLE IV
COST AND VOLUME COMPARISON
Value Part No. Quantity Unit Price Price ($) Vol.
®) (em?)
Proposed DSCS
Cac1 4.7 pF/450 V. ECW-FD2W475] 4 1.23 4.92 25.34
Caco 40 uF/450V  B32776G4406K 1 14.99 14.99 43.51
S1,S2 14 A/600 V STGPL6NC60D 2 0.78 1.56 1.68
Total cost 2147$
Total volume 70.53 cm?
HPCS
Cac 680 pF/400 V. LLG2G68 1MELB45 4 6.69 26.76 132.82
0.1 uF/450 V. ECW-FD2W104JQ 1 0.48 0.48 0.79
Total cost 2724 $
Total volume 133.61 cm?

DSCS can reduce motor copper loss in comparison with SDCS.
Where output power is 5.5 kW, the efficiencies of three systems
(HPCS, SDCS, and DSCS) are 88.87%, 87.59%, and 88.4%,
respectively.

V. DISCUSSION

In this section, the practicability of the proposed DSCS in
terms of the cost, size, reliability, and EMI characteristic in
comparison with HPCS and SDCS will be discussed.

First, the benefits of the proposed DSCS in terms of the
cost and size are discussed. The components used in HPCS,
SDCS, and DSCS are listed as in Table III. Cost and volume
of the systems are calculated as in Table IV. Here, cost of the
component is based on the unit price of the online market and
the volume information is from the value stated in the datasheet.
As shown in the table, it can be found that the proposed DSCS
has lower cost and volume than HPCS. The inductors used in
the systems are not commercial products, so their cost and size
cannot be clearly compared with one another. However, since the
current rating of L, is under 1/4 of the L4. and the soft magnetic
material core can be used in L, instead of standard Si steel, the
cost and size of DSCS, including the inductor, is expected to
be advantageous than the conventional systems. Moreover, if
MOSFETs are used in DSC instead of IGBTs, higher switching
frequency can be achieved [9], [10]. This would have allowed
to reduce L, and increase w... It is possible since the DSC
power being processes is small. Here, increased switching losses
should be concerned.

Next, reliability of the proposed system compared to the con-
ventional systems is discussed. Among many requirements for
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dc-link capacitor, ripple current capability is one of the most
important characteristics. Unfortunately, the ripple current ca-
pability of electrolytic capacitor is limited as low value for
preventing rapid evaporation of internal electrolyte; thus, many
electrolytic capacitors should be used in order to satisfy ripple
current rating [21]. On the contrary, film capacitor shows out-
standing performance so that even one film capacitor can cover
them in terms of ripple current capability. Even though some
components for DSC are added in the proposed system, they
have small power rating and are compact enough in comparison
with the conventional bulky capacitor bank. Their reliability is
surely higher than the conventional one considering the substan-
tially used components. Furthermore, the proposed system has
structural merit by reducing heavy gird filter inductor through
the proposed grid current shaping method. The proposed method
can be realized by simple control block; thus, the complexity of
the proposed method is affordable.

Finally, the issue about the EMI filter is discussed. In the
studies, which introduce a similar concept with DSC, it was
proven that motor drive system impedance seen at the EMI fil-
ter is improved if we compensate a certain power proportional
to the ripple of the dc-link voltage [3]-[6], [9]-[11]. So it is
expected that there is no problem to adopt conventional EMI
filter to the proposed DSC system [27]. Here, since switching
of the additional switches in DSC makes high frequency noise,
the noise in the grid is typically seen to increase if the system
impedance is high. For this reason, parameters of the conven-
tional EMI filter may be attenuated to suppress additional noise.
However, it is expected that the EMI filter redesigning does not
harm the advantages of the proposed DSC system in terms of
cost and size.

VI. CONCLUSION

The grid current shaping method and DSC for three-
phase system have been presented in this paper. By removing
the electrolytic capacitor and grid filter inductor, the motor drive
system with DSC fulfills robustness against component failure
and circuit compactness. The grid current shaping method is
proposed to cover the absence of the grid filter inductor, and the
system satisfies grid current harmonics for the grid regulation,
IEC61000-3-12 Ryce.min = 350 where o > 3.7. Even though
two switching devices are added, the size of inductor can be
greatly reduced since the rated inductor current is decreased to
about 79%, and the power rating of DSC can be designed as less
than 10% of rated power of main system. The control method for
the DSC system has been introduced, and the design guideline
of floating capacitor, which is used for ripple energy storage,
is proposed. In the experimental results, even though DSC is
added, the system efficiency is improved at flux weakening area
in comparison with conventional small dc-link capacitor system.
The load power of air compressor is approximately proportional
to square of motor speed and the system is mostly operated in
flux-weakening area. Therefore, the efficiency in this operat-
ing area is an important factor to reduce energy consumption
(in watt-hour). Therefore, it is verified that the proposed DSC
system is a useful solution for small dc-link capacitor system.
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