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Abstract—Electronic Inductor (EI)-based front-end rectiﬁers
have a large potential to become the next generation of Active
Front End (AFE) topology used in many applications including
Adjustable Speed Drives (ASDs) for systems having unidirectional power ﬂow. The EI-based ASD is mostly attractive due to
its improved harmonic performance compared to a conventional
ASD. In this paper, the input currents of the EI-based ASD
are investigated and compared with the conventional ASDs
with respect to interharmonics, which is an emerging power
quality topic. First, the DC-link oscillations generation process
is analyzed at the inverter level under balanced and unbalanced
load conditions, where they are considered as main causes of the
interharmonic distortions in the ASD applications. Thereafter,
the key role of the EI at the DC stage is investigated in terms
of high impedance and current harmonics transfer, and it is
compared with the conventional passive ﬁlter performance. It is
shown that the EI will reduce low-frequency oscillations coming
from the load side, and consequently it will give rise to loweramplitude interharmonics in the input current of the drive. The
obtained experiments and simulations for both EI-based and
conventional ASD systems verify the proposed theoretical analysis
in determining the line input current interharmonics.

Index Terms—Adjustable speed drives, electronic inductor,
harmonics, interharmonics, voltage source converter.
I. I NTRODUCTION
The ASDs contribution to the industrial electricity consumption is rapidly growing as they operate at different
demanded frequencies with a ﬂexible control ability, where
a high efﬁciency can also be achieved. However, the harmonic and interharmonic distortions generated by them may
simultaneously deteriorate the grid power quality [1]–[5]. As
a result, there are especial concerns about the conventional
drives functionality, which call for more advanced harmonic
and interharmonic reduction strategies in order to insure a high
power quality. Meanwhile, EI-based ASDs, where a typical
system representation is shown in Fig. 1(a) and compared
with a conventional drive (Fig. 1(b)), have demonstrated a
promising performance in reducing the drive input current
harmonic distortion [6]–[9]. The EI technique is a simple
and cost-effective method, and in order to justify the better
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Fig. 1. Typical block representation of an ASD and the input current, (a)
With an electrical inductor (EI). (b) With a conventional ﬁlter.

performance of EI-based ASD systems, its performance from
an interharmonic perspective needs to be fully analyzed.
According to IEC 61000-4-7 standard [10], the interharmonic frequency is deﬁned as any frequency below 2 kHz,
which is not an integer multiple of the fundamental frequency.
The continuous growth of the power electronic applications
and more utilization of the ASDs have increased the interharmonic distortion level in the grid. Following that, several grid
malfunctions have been reported, where they were caused by
the presence of the interharmonics in the power system [11]–
[13]. In this respect, the new generation of the modern ASDs
such as EI-based ASDs may play an important role in the
future in order to improve the grid power quality.
In a typical ASD system, the motor load is usually employed
to work at various frequencies, which they are not synchronized with the grid line fundamental frequency. Meanwhile,
the interactions between the output side distortions, leaked

II. H ARMONIC T RANSFER AT I NVERTER L EVEL
Fig. 1 shows the schematics of the voltage source inverter
fed ASD, where the embedded intermediate circuit can be
replaced by an electronic inductor (EI) and/or by a conventional passive ﬁlter. Taking the inverter operation into account,
the DC-link inverter side voltage vdc is switched on and
off by applying an appropriate modulation strategy and it
forms the pulsating inverter pole voltages vx (x = u, v, w)
with the desired amplitude and frequency. It is well-accepted
in the literature that the inverter switched output voltages
are basically periodic with respect to the modulation and
modulating signals and they can be interpreted as a waveform
composed of a DC quantity Vdc , the baseband harmonics,
and the carrier group harmonics by applying a double Fourier
series solution. Equation (1) represents the general form of
this solution [17],
∞

vx (t) = A200 +
[A0n cos(n[ωo t − p 2π
3 ])
n=1

+

∞


∞


+B0n sin(n[ωo t − p 2π
3 ])]

m=1 n=−∞

[Amn cos(mωc t + n[ωo t − p 2π
3 ])

+Bmn sin(mωc t + n[ωo t − p 2π
3 ])]
(1)
where ωo and ωc denote the fundamental and the carrier
angular frequencies.
The harmonic coefﬁcients Amn and Bmn should be calculated according to the implemented modulation strategy.
In this paper, a symmetrical regularly sampled Space Vector

Harmonic Magnitude - I/I0

to the grid, and the grid side harmonics may give rise to
the interharmonic emissions in the line currents. In addition
to those interharmonics generated during the ASD’s normal
operating condition, several other factors, such as the load
current imbalance and the motor shaft eccentricity, may lead
to the presence of signiﬁcant interharmonic emissions in
the input current of the motor drive. Therefore, the variety
of the interharmonic sources is considered as a challenging
subject in the conventional ASDs, and there are continuous
efforts in research to improve the ASD performance from an
interharmonic perspective [14]–[16].
The main aim of this paper is to investigate the input
current interharmonic level of the EI-based ASD, with speciﬁc
emphasis on the balanced and unbalanced load conditions.
Moreover, the obtained results are compared with those from
the conventional drive at the same operating conditions. It is
shown that employing the EI-based ASDs can signiﬁcantly
reduce the input current interharmonic amplitudes compared
to the conventional drives. First, in Section II a theoretical
analysis introduces the transfer of the harmonics at the inverter
level. Thereafter in Section III, the effects of the electronic
inductor, and of the conventional passive ﬁlters on the harmonic transfer at the DC-link stage are discussed, where they
can affect the drive input current interharmonics. Simulation
and experimental results are presented in Section IV to verify
the effectiveness of the theoretical analysis. Finally, Section V
draws the conclusions.
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Fig. 2. Theoretical harmonic spectrum of the DC-link inverter side current
with the modulation index M = 0.8 and pulse ratio ωc /ωo = 51, by applying
the symmetrical regularly sampled SVM modulation strategy.

Modulation (SVM) method has been selected as the inverter
modulation scheme. The parameter p gets 0, 1 and -1 values
for the output phases u, v and w respectively. The output
voltages with harmonics, where it feeds an Induction Machine
(IM) as a load, will then give rise to the three-phase output
currents ix (x = u, v, w), whose frequency-domain representation can be given as,
⎤
⎤
⎡
⎤ ⎡
⎡
2
−1
−1
Su (ω)
Iu (ω)
V
dc ⎣
⎣ Iv (ω) ⎦ =
−1
2
− 1 ⎦ ⎣ Sv (ω) ⎦
3Z(ω)
Iw (ω)
Sw (ω)
−1 − 1
2
(2)
with Z(ω) being the motor frequency-domain phase
impedance. The inverter switching functions Sx (x = u, v,
w) can be obtained as,
Sx (ω) =

Vx (ω)
,
Vdc

x ∈ {u, v, w}

(3)

The inverter phase switching functions in (3), when multiplied by the associated phase currents, will give rise to DC-link
inverter side current iinv containing low and high-frequency
oscillations,

Iinv (ω) =
Sx (ω) ⊗ Ix (ω)
(4)
x∈{u, v, w}

Fig. 2 illustrates the frequency spectrum of the DC-link
inverter side current corresponding to a modulation index
M = 0.8 with a pulse ratio ωc /ωo = 51, when the symmetrical
regularly sampled SVM modulation scheme is implemented.
In the case of having a load current imbalance, other
exclusive current oscillations may also appear at the immediate
DC terminal of the inverter. In this condition, by neglecting
the high-frequency components effect, the unbalanced load
currents ix (x = u, v, w) can be expressed as in (5), where
they are composed of the positive-sequence ipx (x = u, v , w)
and the negative-sequence inx (x = u, v, w) components,
ix = ipx + inx
2π
n
n
= Iop sin(ωo t + θop − p 2π
3 ) + Io sin(ωo t + θo + p 3 )
(5)

TABLE I
Simulation and Experimental Parameters Values.
Symbol
va,b,c
fg
Ldc−cnv
Ldc−EI
Cdc−cnv
Cdc−EI
vdc−EI
kp , k i
HB
vLL
PIM

Parameter

i^rect
Req

Value

Grid phase voltage
Grid frequency
Conventional DC-link inductor
EI’s inductor
Conventional DC-Link capacitor
EI’s capacitor
EI’s DC-link voltage
EI’s voltage controller parameters
EI’s controller hysteresis band
Induction motor rated voltage
Induction motor rated power

Cdc

230 Vrms
50 Hz
1.25 mH
2 mH
500 μF
470 μF
700 V
1.5, 0.05
0.88
380 Vrms
7.5 kW

Rc

The output unbalanced currents in (5) will then make their
contribution to the DC-link inverter side current according to
(4) and its time-domain expression is presented in (7),
(7)

According to (7), the unbalanced motor currents may generate oscillations in the DC link at twice the output frequency
fo . These distortions are basically caused by the negativesequence output currents.
III. H ARMONIC T RANSFER AT DC-L INK AND D IODE
R ECTIFIER L EVEL
The intermediate circuit placed at the DC link is a key
player on the harmonic transfer from the inverter side to the
rectiﬁer side. The main idea behind employing the electronic
inductor is to realize a large inductor behavior, by applying
an appropriate control strategy on a DC–DC converter (i.e.,
boost converter), as it is shown in Fig. 1(a). Thereby, the
conventional drives hump-shape input current in the time
domain will be replaced by a square-shape waveform and
it improves the total current harmonic distortions injected to
the grid. However, the low-frequency interharmonic injection
into the grid highly depends on the resonance characteristic

RF =

îL (jω)
îLoad (jω)

v̂i (jω),v̂ref =0

= Zout (jω) ×

+
v^ dc

i^inv

_

Fig. 3. DC-link equivalent circuit of the conventional drive for output
disturbance transfer analysis.

with {Iop , Ion } and {θop , θon } being the amplitudes and the phase
angles of the corresponding positive- and negative-sequence
components.
For the sake of simplicity in the unbalanced case, the inverter switching function given in (3) can be represented in the
time domain as (6) in which the high-frequency components
are not considered,
⎞
⎛
su (t) = So sin(ωo t)
⎝ sv (t) = So sin(ωo t − 2π ) ⎠
(6)
3
sw (t) = So sin(ωo t + 2π
)
3

iinv (t) = su (t) · iu (t) + sv (t) · iv (t) + sw (t) · iw (t)
= 32 So Iop cos(θop ) − 32 So Ion cos(2ωo t + θon )

iCdc

Leq

of the employed intermediate circuit, when it deals with the
oscillations coming from the inverter side.
Fig. 3 shows the DC-link equivalent circuit of the conventional ASD to analyze the harmonic transfer from the inverter
to the rectiﬁer side. The equivalent DC-link inductance Leq
and resistance Req are deﬁned as,
Leq = 2Ldc−cnv + 2Lg

(8)

Req = 2Rdc−cnv + 2Rg

(9)

where the grid inductance and resistance are notated as Lg
and Rg , respectively. The DC-link inductance and resistance
are also speciﬁed by 2Ldc−cnv and 2Rdc−cnv .
A suitable indicator through which the possible ampliﬁcation at the DC link can be evaluated, is called the Resonant
Factor (RF), and it is deﬁned as [18],
RF =

îrect
îinv

=

ZC
ZC + ZL

(10)

with ZL = Req + jωLeq and ZC = Rc + 1/(jωCdc ).
The resonance characteristics in the EI-based drive should
be investigated by using the EI equivalent circuit and its
small signal model as presented in Fig. 4. In this respect, the
resonance factor deﬁned in (10) for the conventional drive can
be utilized by obtaining the closed-loop response in the EIbased drive, and it can be given as,
RF =

îL (jω)
îLoad (jω)

v̂i (jω),v̂ref =0

(11)

where îL (jω) = îrect (jω). According to this condition and
based on Fig. 4(c) the following relationships can be obtained,

dˆ = Fm −Rf H1 Gc v̂dc − Rf H2 îL − Fv v̂dc
Zout
(12)
îLoad
îL = Gid dˆ +
jωLe
v̂dc = Gvd dˆ − Zout îLoad

1 + Fm (Rf H1 Gc Gvd + Fv Gvd ) + jωLe Gid Fm (Rf H1 Gc + Fv )
jωLe (1 + Fm (Rf H1 Gc Gvd + Fv Gvd + Rf H2 Gid ))

(13)
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Fig. 4. (a) Equivalent circuit of the EI-based drive for system analysis, (b) Small signal model of the EI-intermediate drive, (c) Mathematical model of the
converter (EI) operating in current mode control.

Thus, by using (11) and (12), the RF for the EI-based drive
can be given as (13), where Zout represents the open-loop
output impedance of the converter as,
Zout (jω) =
=

v̂o (jω)

=

1−

îL (jω)
dˆ(jω)

e Cdc−EI



1
RLoad

+ jωCdc−EI

1 − ω 2 Le Cdc−EI +
(14)

jωLe
+
RLoad

Here H1 , H2 and Rf are the voltage and current sensing transfer functions and gains, which depend on the used
sensors. Moreover, Gvd and Gid are small-signal open-loop
transfer functions, which are deﬁned as [19]–[21],
v̂dc (jω)
v̂ (jω),îLoad (jω)=0
dˆ(jω) i
M (D) k (jω)
=
jωLe
1 − ω 2 Le Cdc−EI +
RLoad

v̂i (jω),îLoad (jω)=0

M (D) k (jω)

ˆ
d(jω),v̂
i (jω)=0

−îload (jω)
jωLe
ω2 L

Gid (jω) =

Gvd (jω) =

(15)


(16)

jωLe
RLoad

Notably, Gc (jω) is the voltage controller transfer function,
which here is implemented based on a Proportional-Integral
(PI) controller,
ki
Gc (jω) = kp +
(17)
jω
In addition, the current controller gains are given in Table II.
These parameters are calculated for the hysteresis current
control operation [19], [20].
Fig. 5 shows the resonance factor RF plotted by using
equations (10) and (13), where the conventional passive ﬁlter
components and the EI have been employed as the DClink intermediate circuit. The associated circuit parameters for
drawing the plot are listed in Table I. As it can be seen, the

TABLE II
BOOST CONVERTER CANONICAL MODEL PARAMETERS WITH CURRENT CONTROLLED GAINS.
M (D)

Vdc
Vi

=

1
(1−D)

Le
Ldc−EI +2Lg
(1−D)2

e(jω)

Vdc

(1−

jωLdc−EI
)
(1−D)2 RLoad

k(jω)

Fm

Fg

Fv

Vdc
(1−D)2 RLoad

−2(Ldc−EI +2Lg )
Ts Vdc

(1−D)Ts
2(Ldc−EI +2Lg )

Ts
− 2(Ldc−EI
+2Lg )

Resonance Factor [RF]

101
100

Conventional
Drive

10-1
10-2
10-3
10

EI Drive

100
1000
Frequency [Hz]

5000

Fig. 5. DC-link Resonance Factor RF in the conventional and EI-based drive.

inverter side low-frequency oscillations, when passing through
the DC stage, will be attenuated in the case of applying the EIbased intermediate circuit, whereas the presence of the resonance peak caused by employing the conventional passive ﬁlter
components can intensify those oscillations. Consequently,
under the same operating conditions, the DC-link inverter
side oscillations would appear with lower amplitude at the
immediate DC terminal of the diode rectiﬁer by implementing
the EI instead of using the conventional passive ﬁlter.
Finally, the DC-link rectiﬁer side oscillations, which have
already been caused by the inverter operation and have passed
through the DC stage, will be modulated by the front-end
diode rectiﬁer switching function Sph (t) as,
iph (t) = Sph (t) irect (t)

Λ = 1, 2, 3, ..

vdc
va
ia

10 ms/div

Fig. 7. Simulated line voltage va (100 V/div), input current ia (10 A/div),
and DC-link voltage vdc (100 V/div) waveforms, when the conventional drive
operates at the output frequency fo =40 Hz and the load torque TL =34 Nm.

(18)

Sph (t) =

√
∞ cos [(6k ± 1) (ω t + θ )]

2 3
g
ph
cos (ωg t + θph ) ±
π
6k ± 1
k=1
(19)
where ph = a, b, or c and ωg = 2πfg with θa , θb , and θc
equal to 0, -120 and 120, respectively. Following (18) and
(19), the DC-link harmonics fh−dc , generated according to (4)
and (7), will appear as the line current interharmonics with the
frequencies fih as,
fih = |[6 (Λ − 1) ± 1] fg ± fh−dc | ,

Fig. 6. Laboratory setup of the conventional and EI-based drives, and an
Induction Motor IM coupled with a Permanent Magnet Synchronous Machine
PMSM as a load.

(20)

In this respect, further suppression of the output side distortions at the DC-link stage, which can be achieved by using
the EI, may result in lower amplitude interharmonics in the
drive input current.
IV. S IMULATION AND E XPERIMENTAL R ESULTS
In order to validate the theoretical analysis, a series of
PLECS simulations and experiments have been performed on
7.5 kW conventional and EI-based ASD, according to the
conﬁgurations shown in Fig. 1. The ASD speciﬁcations have
been listed in Table I. Fig. 6 shows a picture of the employed
laboratory experimental setups. Notably, the Induction Motor
IM is controlled by a constant Voltage-to-Frequency V/F
approach and the Space Vector Modulation SVM scheme has

va

vdc
ia

10 ms/div

Fig. 8. Simulated line voltage va (100 V/div), input current ia (10 A/div),
and DC-link voltage vdc (100 V/div) waveforms, when the EI-based drive
operates at the output frequency fo =40 Hz and the load torque TL =34
Nm.

been applied on the inverter. In the experimental tests, a 6
kW Permanent Magnet Synchronous Machine PMSM is also
coupled with the IM to work as a load. Moreover, a Chroma
three-phase grid simulator has been employed in order to
reduce the grid background distortions.
Figs. 7 and 8 illustrate the simulated line voltage, input
current and DC-link voltage waveforms of the conventional
and the EI-based drives, when the motor operates at the output
frequency fo = 40 Hz and the load torque TL = 34 Nm. It is
worth to note that in the EI-based drive, the DC-link inductor
current irect is controlled to be kept constant irrespective of
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Fig. 9. Simulated drive input current (i.e., ia in Fig. 1) spectrum at an output frequency fo = 40 Hz, the switching frequency fsw = 3 kHz and the load
torque TL = 34 Nm: (a) Conventional drive, (b) EI-based drive.
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Fig. 10. Measured drive input current (i.e., ia in Fig. 1) spectrum at an output frequency fo = 40 Hz, the switching frequency fsw = 5 kHz and the load
torque TL = 34 Nm: (a) Conventional drive, (b) EI-based drive.
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Fig. 11. Measured drive input current (i.e., ia in Fig. 1) spectrum at an output frequency fo = 30 Hz, the switching frequency fsw = 5 kHz and the load
torque TL = 28 Nm: (a) Conventional drive, (b) EI-based drive.

the output power level. As a result, the input current ia of
the EI-based drive will be a square-shape waveform (see Fig.
8), and it will give rise to lower input current Total Harmonic
Distortion THD compared to the conventional drive.
The input current ia frequency spectra of the conventional
and EI-based drives have been shown in Fig. 9, where the
rear-end inverter feeds the motor load at the output frequency
fo = 40 Hz, the load torque TL = 34 Nm, and the
switching frequency fsw = 3 kHz. As it can be observed,
the conventional drive injects low-frequency interharmonics
into the grid (see Fig. 9(a)), whereas these distortions have

been signiﬁcantly attenuated by employing the EI-based drive
(see Fig. 9(b)). This characteristic can also be found by
referring to Fig. 5, where employing the EI will impose more
low-frequency attenuation at the DC-link compared to the
conventional passive ﬁlter, and consequently, it will give rise
to lower-amplitude input current interharmonic components at
the same operating conditions.
The investigation has then been followed experimentally
at the inverter switching frequency fsw = 5 kHz. Fig. 10
illustrates the input current frequency spectra at the output
frequency fo = 40 Hz and the load torque TL = 34 Nm. It

Conventional Drive

350 Hz

(a)

50 Hz

250 Hz

EI-based Drive

350 Hz

Main
Interharmonics

250 Hz

Main
Interharmonics

50 Hz

(b)

Fig. 12. Simulated drive input current (i.e., ia in Fig. 1) spectrum with ﬁve percent load current imbalance at the output frequency fo = 40 Hz and the load
torque TL = 40 Nm: (a) Conventional drive, (b) EI-based drive.

is evident that the interharmonic distortions existing in the
input current of the conventional drive (as it is shown in
Fig. 10(a)) have been reduced by employing the EI-based drive
(Fig. 10(b)). Further experimental examinations of the drives
input current interharmonic performance have been performed
at the output frequency fo = 30 Hz and the load torque TL =
28 Nm. The obtained results have been presented in Fig. 11. As
it can be seen, the EI-based drive shows superior performance
with respect to the input current low-frequency interharmonic
emissions.
Finally, the drives input current interharmonic evaluation
was followed by introducing about ﬁve percent motor current
imbalance. As it is mentioned in Section II, the unbalanced
motor currents can give rise to a second order (of the output
frequency fo ) oscillation at the DC link. These distortions,
when interacting with the input current harmonics of the ASD,
can produce interharmonics in the grid side. Fig. 12(a) shows
the conventional drive input current frequency spectrum at the
output frequency fo = 40 Hz and the load torque TL =
40 Nm. It is evident that the high-amplitude interharmonic
components have been injected into the grid, where they are
actually distributed around the grid fundamental frequency
component and also around the major harmonics. The EIbased drive interharmonic performance with the presence of
ﬁve percent output current imbalance has been illustrated in
Fig. 12(b). The obtained results indicate that the EI-based drive
decreases signiﬁcantly the input current interharmonics, as a
result of remarkable low-frequency suppression that it would
impose on the oscillations at the DC-link stage.
V. C ONCLUSION
In this paper, the EI-based ASD input currents are evaluated
in terms of low-frequency interharmonic distortions, and its
performance has been compared with the conventional drives.
It has been shown that the drive input current interharmonic
amplitudes will be signiﬁcantly reduced, if the DC-link passive
ﬁlter is replaced with an Electronic Inductor EI. This characteristic has been demonstrated by analyzing the resonance
behaviour of the DC-link intermediate circuits in the employed
drives. In this respect, the EI intermediate circuit would suppress the output side oscillations, when they pass through the

DC stage, and it will eventually give rise to lower-amplitude
interharmonics compared to using the passive ﬁlter elements.
The interharmonic distortion improvement has particularly
been highlighted in the presence of the load current imbalance
by applying the EI, whereas the high-amplitude interharmonics
can be injected into the grid at the same operating conditions
by employing a passive ﬁlter. The presented simulation and
experimental results have validated the proposed theoretical
analysis.
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