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Abstract— This paper presents a new circuit topology to meet
the input harmonic current standard for an ac machine drive
system which has a very small dc-link capacitor. The proposed
circuit topology is based on a harmonic current injection
method, and it keeps up size and cost competitiveness of an ac
machine drive system having a very small dc-link capacitor.
Also, this paper proposes an appropriate control algorithm and
a stability analysis for the proposed circuit topology.
Experimental results reveal the validity of the proposed circuit
topology and its control method. Also, it is confirmed that the
harmonic current standard can be satisfied with the proposed
circuit and its control method.

L INTRODUCTION

Recently, reducing the size of a dc-link capacitor has been
key issues especially for low/medium power applications [1-
6]. If the size of a dc-link capacitor in an ac machine drive
system is reduced, not only the size of a capacitor itself is
reduced, but also a pre-charging circuit can be saved.
Moreover, an electrolytic capacitor which is less reliable than
a film one because of its comparably short lifetime, can be
replaced by film capacitors which generally have much longer
lifetime. Thus, the reliability of an ac machine drive system
can be enhanced [7-8]. Furthermore, the system having a very
small dc-link capacitor contains much less input harmonic
current contents than the drive system having a large one.
Nevertheless, this system has a few inherent drawbacks such
that the dc-link voltage may easily become unstable and it is
not possible to supply enough energy during even short term
input voltage interruption. Moreover, though the input
harmonic currents are reduced, still the harmonics cannot meet
the standards such as IEC 61000 [9-10] without adding any
additional hardware.

As the dc-link voltage instability can be covered by
adopting one of recent active researches, the stable operation
regardless of the quite small capacitance of the dc-link can be
achieved. Also, the issue related to the energy storage role
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during short term input voltage interruption is not always
essential to every application. Applications such as a fan, a
pump or a compressor, that a re-starting operation right after
the input voltage interruption would not be a severe problem,
may not need this energy storage role. However, the
applicability of this drive system having a very small dc-link
capacitor cannot be expanded if the international input
harmonic current standard is not satisfied.

A lot of researches based on a harmonic current injection
method have been presented in the past to reduce input
harmonic current of a conventional diode rectifier-fed inverter
system [11-21]. These methods have possibilities to comply
with the given harmonic current standard with keeping up size
and cost competitiveness of the drive system having a very
small dc-link capacitor. In [19-20], new topologies using zero
sequence coupling between machine and grid sides has been
introduced. These topologies can greatly reduce the overall
system cost as far as the neutral point of an ac machine is
accessible. However, the ac machine should share the voltage
for controlling the machine itself and that for controlling
injection current. Therefore, the machine may not be operated
at its rated speed simultaneously injecting harmonic current
into the input ac side. Large size dc reactors for a harmonic
current injection circuit have been replaced by smaller size ac
ones in [21] to reduce the overall cost of the drive system.
However, it still has a lot of passive elements in the current
injection circuit as well as the dc side current smoothing
purpose inductor.

This paper presents a new circuit topology to comply with
the harmonic current standard with minimizing the additional
hardware cost. The proposed harmonic current injection
circuit consists of one switch arm, a single phase inductor and
three bi-directional switches. The proposed circuit minimizes
passive device which are less competitive in terms of size and
cost than active one. The proposed circuit also makes it
possible that the current rating of each element is reduced. In

611



this paper, an appropriate control method of an injection
current and a stability analysis for the proposed circuit
configuration are also proposed.

II. AC MACHINE DRIVE SYSTEM HAVING A VERY SMALL
DC-LINK CAPACITOR

An example of ac machine drive system having a very
small dc-link capacitor is shown in Fig. 1. Though the input
side rectifier that is connected to the ac source can be
composed of either a diode rectifier or a PWM rectifier, the
former one is only taken into account in this paper. The input
ac line current waveform under constant load condition can be
described theoretically as shown in Fig. 2[6]. Input harmonic
contents of the drive system having a very small dc-link
capacitor are much less than that of the drive system having a
large dc-link capacitor [6]. Nevertheless, it still cannot comply
with the international harmonic current standards. Thus,
additional hardware to meet the standard is necessary. There
are plenty of possibilities of hardware composition such as a
PWM rectifier, a VIENNA rectifier [22,23], active or passive
filters [24,25], a harmonic current injection method and etc.
Note here, the target harmonic current standard [9,10] does not
require strict THD specification but does limit only each order
of harmonic current magnitude. Hence, in this paper, a
harmonic current injection method has been adopted for the
drive system having a very small dc-link capacitor since it is
more competitive than others in terms of size and cost.

III. CONFIGURATION OF CURRENT INJECTION TOPOLOGY

Fig. 3 shows the basic configuration of the conventional
current injection topology for a three-phase diode rectifier fed
ac machine drive system. It consists of a harmonic current
controller part and a current injection circuit part. Two boost
converters, one series connected switch leg, a machine side
zero sequence current controller and etc. can be such examples
of the harmonic current controller part. A star-delta
transformer with a neutral point, a zigzag auto-transformer, a
resonant filter and etc. can be such examples of the injection
circuit part. Fig. 4 shows a simplified block diagram of
harmonic current injection topology. The desired harmonic

current is synthesized by two current sources (/) ), and it is

divided into 1/3 by the injection circuit part. Fig. 5 shows its
harmonic current injection principle. Fig. 5(a) and 5(b) show
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Figure 4. Simplified configuration of the current injection method.
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Current shaping principle of the conventional current injection

input current waveforms for the drive system having large
capacitance and that having very small -capacitance
respectively. Fig. 5(c) shows an injection current waveform
based on the 3™ harmonic. Its optimal magnitude based on
FFT analysis can be derived as (1) [11-13].

I =0.74-1; 0 (D

Lastly, Fig. 5(d) shows a resultant input current waveform
which is the summation of Fig. 5(b) and Fig. 5(c) sub-period
by sub-period (1/6 period). Note that, the input current should
be near square wave before a harmonic current is injected as
shown in Fig. 5(b), or otherwise, an injection current should
contain too much harmonic content to shape an input current
into sinusoidal as expected from Fig. 5. Thus, inductors on the
ac side or the dc side are necessary if the dc-link capacitance

h_mag
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Figure 6. Configuration of the proposed harmonic current injection circuit.

is large enough to reduce a lot of low order harmonic contents
preliminary. However, the input current waveform of a drive
system having a very small dc-link capacitor is already near
square wave as shown in Fig. 2. Therefore, an additional
inductor except a current control purpose one is not necessary.

IV.

In order to reduce an input harmonic current, the harmonic
current injection method has been adopted to keep up size and
cost competitiveness. This harmonic current injection method
has a large variety of circuit composition. This paper proposes
a new circuit composition which optimizes size and cost but
complying with the given harmonic current standard.

PROPOSED CIRCUIT AND ITS CONTROL METHOD

A.  Circuit Configuration

Fig. 6 shows the configuration of the proposed harmonic
current injection circuit for an ac machine drive system having
a very small dc-link capacitor. Injection of a harmonic current
is achieved by one switch arm and a single phase inductor, and
three bi-directional switches. The proposed circuit makes it
possible that the three phase input current can be shaped
simultaneously with only a single phase inductor. Also, by
using three bi-directional switches instead of passive elements
such as an LC tuned filter, a star delta transformer and a zig-
zag auto-transformer, not only the injection of the three phase
input side is possible but also the magnitude of circulating
current via the current injection circuit and the diode rectifier
is reduced to 1/3 of that of the circuit using passive elements.
Hence, the current ratings of all elements including the single
phase inductor in the proposed circuit are reduced by 1/3 of
the conventional one. Thus, the circuit has competitiveness in
terms of size and cost over other conventional circuit based on
passive elements.

B. Current Path Generation through Three bi-directional
Switches
As shown in Fig. 6, three bi-directional switches are located

between the three phase grid side and the single phase
inductor to constitute the injection current path. Each switch is

turned ON when the magnitude of input phase voltage is
medium among three phases, and that is described in detail in
[14-15,20].

C. Proposed Optimal Current Reference Generation

The main idea of the injection current reference generation
method is the same as introduced in [18], but the proposed
optimal current reference generation method is able to save
both the complex calculation effort and the discrimination
effort of magnitude and phase of the input voltages. The
optimal injection current reference for the proposed current
injection circuit can be simply obtained from

V.
. _ U mid
lopt_rqf - % ’ Ip (2)
P
where, iom,ref : optimal injection current reference, : input

phase voltage whose magnitude is medium value among three
input phase voltages, Vp : peak input voltage magnitude, / »

:peak input current magnitude. The current reference forms
quasi-triangular wave and its magnitude is 1/3 of that
introduced in [18] as mentioned in the previous section A.

D. Proposed Current Control Method

The injection current control can be easily achieved by a
simple Proportional Integral (PI) control method. An
equivalent circuit diagram of the current injection control
circuit is shown in Fig 7. The controller consists of one switch
arm, a single phase inductor and three bi-directional switches
which directly connected to the grid side. Thus, the current
controller should consider the grid side voltage change
according to the switching sequence of three bi-directional
switches in order to get desired control performance. In other
words, the inductor current can be decided by voltage
difference between the dc-link voltage and the voltage
between the neutral point of three bi-directional switches and
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Figure 8. An injection current controller without considering voltage V.

the minus point of the dc-link voltage (V) shown in Fig. 7.
A block diagram of the current control system where this
voltage is not considered is shown in Fig. 8. Its mathematical
representation is also given by (3). Substituting the
proportional and integral gains of current controller, (4) into
(3), then (5) can be derived.

KpS+Ki « S

" OL AR K5t K, 5L (R, AK st K, ™
3)

i W
Q=L g s Vi (5)

s+, " s’L,+(R,+L,0,)s+R, 0,

The first term in (5) is desired current control dynamic, and
the second term in (5) is unwanted band pass filtered dynamic
resulted from the disturbance voltage (V). A Bode plot of
this unwanted filtered dynamic where cut-off frequency of the
current controller (@, ) is given by 27 -800 [rad/s] is shown

in Fig. 9. The phase difference of the unwanted filtered
dynamic where the fundamental frequency of the disturbance
voltage (V) is given by 180Hz (3™ harmonic), can be
obtained from Fig. 9. Also, its magnitude can be obtained
from (6). A simulation result where the disturbance voltage
has not been considered is shown in Fig. 10. The actual
current (I;) cannot track its reference (I, of) in spite of
applying large controller gains (800Hz), but is almost the
same as the current reference minus unwanted filtered value as
analyzed above.
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Figure 9. Bode plot of unwanted band pass filter.

20
In ‘ .
A 1 filtered " ™, £
DI S ,\\ P
d |h7r91 d i
-20
20
Iy In_rer|_sitered
Y. M, Ay, )
/\\/ / \\‘/ FA" / \\\
\' { Y / { k
WY Y i \\, pa—
i A v /S ‘',
r %
\\, \/ \\/

-20

Time(5ms/div)

Figure 10. Simulation result of current control performance without
considering voltage disturbance.
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Therefore, the voltage (Vyy) should be considered to get
rid of this unwanted filtered dynamic. Even though this
voltage (Vun) can be directly measured, it results in additional
cost for a measurement circuit. Hence, this paper also
introduces a voltage disturbance estimation method using
given measured information. The disturbance voltage (V)
shown in Fig. 7 can be expressed by (7).

Vv =Vaio = Vo ™

The voltage between the neutral point of three bi-
directional switches and that of the input three phase voltages
can be defined by (8) because each bi-directional switch is
turned ON when the magnitude of the corresponding input
phase voltage is medium value. Also, the voltage between the
dc-link minus point and the neutral point of the input phase
voltage can be defined by (9) because of the commutation
action of the three phase diode bridge rectifier.

VM() = Vmid (8)
VNa = Vmin (9)
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where V, ,, is the input phase voltage whose magnitude is the

medium value and V, is the input phase voltage whose

magnitude is the minimum value

Actually, these voltages cannot be defined clearly if the
size of a dc-link capacitor is relatively large. In this system
however, they can be defined because the size of a dc-link
capacitor is very small and thus the dc-link voltage roughly
follows to the maximum value among three input line-to-line
voltages. As a consequence, this disturbance voltage can be
estimated only by compounding input phase voltage
information which is already known. A block diagram of the
proposed injection current control including this input voltage
disturbance rejection by feed-forward manner is shown in Fig.
11. Its simulation result is also shown in Fig. 12. The actual
current tracks its reference much better than the previous case.

V. STABILITY ANALYSIS

The proposed current injection circuit and its control
algorithm make it possible to reduce an input harmonic
current. However, if the stability of this system cannot be
guaranteed, it is very hard to apply the system into a practical
system. Hence, a stability of the drive system including the
proposed harmonic current injection circuit is analyzed in this
section. As mentioned above, an ac machine drive system
having a very small dc-link capacitor is subject to being
unstable. Thus, the stability and the minimum size of the dc-
link capacitance which makes the system stable have been
analyzed in [26]. Fig. 13 shows an equivalent circuit diagram
of a diode rectifier front ended typical ac machine drive
system under a constant load condition neglecting the PWM
inverter action. The load is modeled as a current source
(Py've ), and L, R, stand for the equivalent line

impedance. Also, C,, stands for the dc-link capacitance. Thus,
the dynamic equation of the system is derived in (10).
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Figure 13. Equivalent circuit diagram of typical diode rectifier front ended ac
machine drive system.
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2 Lsrc ’ dlS = Ve — 2 R.src : i.s'rc ~ Vi
t
10
dvdc _— _ Pload ( )
dc d 1 sre VdC

The source current and the capacitor voltage can be
expressed by (11) which contain dc and ac components
respectively.

lsrc = lsrc + lsrc

(11)

vdc = Vdc + vdc

where 7, and I7dc are mean values of the source current and
the dc-link voltage respectively, 7, and v, are the source
current and the dc-link voltage variations respectively. If the
dc-link voltage variation term is relatively small enough, the

load current ( P, /v, ) can be linearized at the operating
point as derived in (12).

di, -
L % =-R- i.yrc Ve
d‘j;dc = Eaad ~ (12)
de = l.s-rc +— 2 : vdc
dt 14 e

Then, the resultant characteristic equation is given by (13)

P, V.’ —RP,
loa_dz)s_,’_( dc _Ioud)zo
Cdc Vdc L Cdc Vdc

P(s)=s" +(§— (13)

where, R=2-R, ,L=2-L,. .

Consequently, if the dc-link capacitance value satisfies the
condition (14), the system is remained in stable operation area
[26].

L i })load

Cp >——=
TRV

(14)

The stability of the proposed drive system including
harmonic current injection circuit can be analyzed with the
same criterion. Its equivalent circuit diagram is shown in Fig.
14, and also its dynamic equation is given by (15).
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disrc .
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(15)

where I, is an injection current, and i is a dc-link current. If

the injection current I, satisfies (16), then the characteristic

equation of the drive system including the harmonic current
injection circuit becomes the same as (13).

i +i, =1, (16)

As a result, if the original drive system having a very small
dc-link capacitor satisfies the condition (14) and the harmonic
current controller also satisfies (16), the overall drive system
is stable.

VI. EXPERIMENTAL RESULTS

An experimental setup for the proposed current injection
circuit is shown in Fig. 15. It includes an ac machine drive
system having a very small dc-link capacitor, bi-directional
switches, a single phase inductor, one switch arm and its drive
circuit, a target ac machine and a control board. Several core
parameters of the experimental setup are listed in Table 1.

Fig. 16 shows an experimental result of the drive system
having a very small dc-link capacitor without applying the
harmonic current injection where the target machine has been
operated at its rated speed yielding 83% of its rated power. It
shows the input current, the dc-link voltage, the injection
current reference, the injection current, the dc side current, the
switch arm current and the machine current waveforms
respectively. Abbreviation of each waveform is represented in
Fig. 6. The input ac current (/,) forms quasi-square wave as
expected in Fig. 2 which still contains a lot of low order
harmonic components. The dc-link voltage (V. ) follows to
the maximum value of three-phase line-to-line voltage. The
injected harmonic current ( /, ) is zero in this case.

AC machine drive system
having a very small

Bi-directional
Switches and their
gate driver

) ”
Digital control board

Single-phase Switch arm and its
inductor gate driver TMS320VC33
Figure 15. Experimental setup.
TABLE
SYSTEM PARAMETERS
Input voltage 380Vrms

DC-link capacitance 6.6l

Machine’s rating 3.7kW
Bi-directional switches 50A, 1200V
One switch arm 50A, 1200V
Single phase inductor SmH, 7Arms

The dc-link current (/,) contains a dc-link voltage ripple
component as well as mean dc value since the system is
operating under the constant load condition. Also, the switch
arm current (7, ) is zero in this case. Lastly, the machine

current forms sinusoidal at its rated operating frequency.

Fig. 17 shows the same waveforms where the proposed
harmonic current injection has been applied. The injection
current reference is obtained from (2) which forms quasi-
triangular wave. The input ac current ( /, ) forms almost
sinusoidal wave due to the proposed harmonic current
injection ( /, ). The switch arm current ( /, ) contains an
injected harmonic current component in this case. Lastly, the
machine current is not affected by the proposed harmonic
current injection method but controlled independently.
Consequently, the harmonic contents of the input ac current
(1, ) has been reduced considerably without affecting the

performance of the machine control.

Fig. 18 shows that the frequency spectrum analysis results
(FFT) of all harmonic currents of the above two cases. The
results have been compared with the target harmonic current
standard (IEC 61000-3-2). Fig. 18(a) shows the result for the
case without harmonic current injection.
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circuit.

Almost all harmonic current orders are not satisfied with
the standard. However, as shown in Fig. 18(b), all harmonic
current orders of the input ac current have been suppressed
conspicuously. Also, it is confirmed that the given harmonic
current standard is satisfied by the proposed harmonic current
injection method.

Fig. 19 and Fig. 20 are experimental results to verify the
validation of the stability analysis. The harmonic current
injection has been started at 0.2s abruptly while the drive
system having a very small dc-link capacitor is operating at its
75% of the rated power as shown in Fig. 19. The dc-link
voltage and the machine current are stable both before and
after the injection even under abrupt harmonic current
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Figure 18. Frequency spectrum results for the input line current: (a) without
harmonic current injection; (b) with proposed harmonic current injection.

injection because the dc-link capacitor has been designed
based on (14) and the harmonic current control system
satisfies (16). Fig. 20 shows another experimental result for
the case that the load has been abruptly changed while the
harmonic current is injecting. The system is also stable both
before and after the abrupt load variation. Therefore, it is
verified that the stability analysis in the previous section is
valid.

VIL

In this paper, a new circuit topology to reduce an input
harmonic current of a three-phase ac machine drive system
having a very small dc-link capacitor, has been proposed
based on a harmonic current injection method. In order to
minimize the additional cost and size of this harmonic current
injection circuit, the proposed harmonic current injection
circuit minimizes the size and the number of passive elements.
Thus only a single phase inductor as a passive element has
been used. Moreover, the current rating of the proposed
injection circuit is 1/3 of that of the conventional current
injection topologies. This also minimized the additional cost
considerably.

CONCLUSION

This paper also presents an appropriate current control
method for the proposed current injection circuit considering
the voltage disturbance due to the switching of the bi-
directional switches. Lastly, the stability of ac machine drive
system including the proposed current injection circuit has
been analyzed. By experimental results and their frequency
analyses, it is confirmed that not only the harmonic current
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standard can be satisfied with the proposed harmonic current
injection circuit and its control method, but also the stability
analysis of the proposed drive system is valid.
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