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A Robust Adjustable Speed Drive to Operate in
Polluted Grid Conditions With Improved Line
Current Harmonics

Seshadri Gopalan
and Dinesh Kumar

Abstract—With an increase in the abnormalities in the supply
voltage, it is required that the Adjustable Speed Drive (ASD)
connected to the grid be immune to those disturbances. Based on the
field Power Quality (PQ) data study, distortion in the supply voltage
is found to be the dominant disturbance followed by unbalance.
It is found that these disturbances mainly affect the lifetime of
dc bus capacitor and in critical cases, it may lead to a failure. In
order to save the ASD from such grid disturbances, a compensation
module is introduced in this article. While reducing the stress on the
capacitor, this module also mitigates the harmonics in the source
current of ASD. The proposed module can be a retrofit to the
existing commercial ASD and can be used where the supply voltage
quality is poor. The proposed topology is analyzed by simulations
and validated by the test setup created in the lab.

Index Terms—Capacitor heating factor (CHF), distortion, power
quality (PQ), unbalance.

1. INTRODUCTION

DJUSTABLE speed drives (ASDs) are broadly used in

both industrial and commercial applications due to their
effective and flexible means of achieving motion control. It is
identified that the dc bus capacitor is one of the reliability—
critical components in the ASDs and most affected by ageing
effect [1], [2]. Increasing penetration of renewable energy and
nonlinear loads in the distribution system lead to increase the
level of abnormalities in the grid voltage [3], [4]. In order to
understand the quality of supply voltage in the Indian grid,
power quality (PQ) meters were deployed at different industrial
sites [5]. From the recorded data, the dominating PQ events and
their range were observed, and are used for this study. A brief
overview of PQ disturbances observed is given in Section II.
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Based on this field data study, distortion and unbalance in
the supply voltage are found to be the dominant disturbances.
Therefore, their effect on ASD is of interest. There are only a few
works reported that analyze the effect of harmonics (distortion)
in supply voltage on the front end of an ASD [6], [7], [8],
[9]. Carbone [7] and Mansoor et al. [8] discussed the effect
of background supply voltage distortion on dc bus voltage and
THD; of the source current, respectively. The severity of the
impact of supply voltage harmonics and unbalance on the dc
bus capacitor is discussed in [6], [9], and [10]. It shows that
the presence of unbalance and/or harmonics beyond a certain
limit in the supply voltage can cause the dc bus capacitor ripple
current to cross its critical value resulting in possible damage
to the capacitor. It is identified from the study [9] that though
the distortion level in the supply voltage is lesser than the
standard limit as per IEC-61800- 3 [11] (12% limit), the dc bus
capacitor of the ASD may get damaged based on the individual
harmonics magnitude and its angle. Hence, it is important to
safeguard the ASD under polluted grid conditions. There are a
few possible generic solutions such as modified dynamic voltage
restorer (MDVR) [12] and active front-end rectifier (AFR) [13],
which can also safeguard the dc bus capacitor under abnormal
supply voltage conditions. While considering the cost and the
number of extra components the MDVR and AFR are however,
not satisfying solutions. The cost of an active front-end ASD
is more than double the cost of an equivalent diode bridge
front-end ASD. To the best of authors’ knowledge no direct
attempt at addressing the impact of PQ disturbances on the
capacitor is reported in literature. A cost-effective solution is
required that will make the ASD dc link components immune
to supply voltage distortion and unbalance. Gopalan et al. [14]
proposed a cost-effective solution to suppress the effect of even
ordered harmonics on the dc bus capacitor for an ASD with
a thyristor bridge front end. However, the problem still exists
for an ASD with a diode bridge front end. Wang et al. [15]
proposed a series voltage compensator (SVC) in order to support
areduced capacitance at the dc link. Due to this reduction in the
capacitance, there will be an increase in the ripple in the dc link.
The SVC that is introduced between the dc link capacitor and
the inverter helps to achieve a ripple free voltage at the inverter
input terminals. Though the inverter input voltage has become
ripple-free, the ripple present in the dc link capacitor is still not
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Fig. 1. Occurrences of different PQ events in industrial sites.

addressed in [15]. In the case of grid disturbances, the capacitor
may face an increased stress.

In order to address this issue, an add-on low power electronic
circuitry is proposed in [16]. This will act as a compensator for
the ripple in the dc side of the ASD and reduce stress on the
capacitor. Also, a ripple-free voltage at the inverter input termi-
nals is achieved. This compensator is named as grid disturbance
compensation module (GDCM). This requires a diode bridge,
a dc bus capacitor, an H-bridge, and a transformer. The power
rating of this module depends on the extent of compensation
required for the dc bus voltage of the ASD. Based on the
worst-case disturbance observed in the field study, the module
is designed and it is identified that the power level of the module
is only about 1/7" of the power level of the main ASD. The
proposed module can be a retrofit to the commercial ASD and
used where the PQ is poor. The proposed GDCM will reduce
the ripple current in the dc bus capacitor and thereby increase
the useful life of the capacitor. It also decreases the THD; of the
source current to 33% irrespective of the disturbance (unbalance
and harmonics) present in the supply voltage and drive loading
conditions. As a result of the proposed GDCM, the inductor
current becomes free from low frequency ripple content which
in turn reduces the thermal stress on the inductor in the ASD.
As an extension of [16], this article presents a design oriented
analyses of the proposed GDCM. An extensive validation study
is also presented under different grid impedance and disturbance
conditions. Further, a 7.5 kW test setup is built in the laboratory
and the GDCM is validated under different grid disturbance
cases.

The rest of this article is organized as follows. Section II
presents an overview of PQ disturbances observed in the Indian
grid scenario. Section Il presents the ASD topology taken for the
study along with the indices to quantify performance. Section [V
presents an overview of the effect of dominant PQ disturbances
on the dc bus capacitor. Section V describes the proposed GDCM
along with its design, and validation under different disturbances
and grid impedance conditions. It also presents the experimental
validation of the proposed GDCM. Finally, Section VI concludes
this article.

II. OVERVIEW OF PQ DISTURBANCES IN INDIAN GRID

PQ meters were deployed [5] at six different industrial sites in
India that include casting and spinning industries. The data are
recorded for more than two years and Fig. 1 shows the consoli-
dated occurrences of different types of PQ disturbances (crossing
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Fig. 3. ASD configuration with diode bridge front end.

respective IEC limits) recorded in the sites as a percentage of the
total number of disturbances recorded. It can be seen that 57%
of the disturbances recorded correspond to distortion crossing
limits prescribed by IEC 61000-2-4 [17].

Further, the polar distribution of recorded values of lower-
order harmonics (2™, 4", 5™ and 7") are shown in Fig. 2.
The lower-order harmonics are more critical with respect to the
capacitor ripple current than the higher-order harmonics [6].
Fig. 2 shows that there are many instances where the magnitude
of harmonics is crossing its corresponding IEC standard limit.
Itis also identified from the previous study [6] that the capacitor
ripple current may cross its critical limit even when the magni-
tude of harmonics are less than their IEC standard limit based
on the angle of harmonics. The next class of disturbances in the
order of occurrences are sags and swells. However, symmetrical
sag/swell in the supply voltage will not much alter the ripple
current in the capacitor [10]. These PQ disturbances will just
alter the average value of the dc bus voltage. Unbalance in
the supply voltage is the next dominant disturbance and its
worst-case value observed in the site is 7%. Hence the focus
in this article is given to distortion (harmonics) and unbalance
in the supply voltage. These practical values are used for the
simulation analysis.

III. ASD TOPOLOGY AND IMPACT ASSESSMENT PARAMETERS

A 7.5 kW ASD feeding an induction motor is the system
considered for the study as shown in Fig. 3 and its parameters
are given in Table I. It is shown in [9] that the effect of supply
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TABLE I
SYSTEM PARAMETERS

Value

400 V (L-L), 50 Hz
50 uH, 5.8 mf2, 1000

Parameter ‘

Source voltage and frequency
Grid impedance - Ly, Ry, RscE

DC choke inductance L4 2.5 mH
DC bus capacitance Cy 500 uF
Inverter switching frequency 5 kHz

Induction Motor Drive 7.5 kW, 400 V, 50 Hz

voltage distortion on the dc bus capacitor is more with a stiff grid
than with a weak grid. Hence, the grid impedance considered is
with an Rgcg of 1000 (stiff grid), to study the worst case. For
the simulation studies, the dc bus capacitor is modeled using
its parameter values taken from the datasheet [19]. In order to
model the actual saturable inductor, the B—H characteristic of
the dc choke is measured in the lab and used in the simulations.

As discussed, the main focus of this study is the impact of
supply voltage disturbances on the dc bus capacitor. In order
to assess the stress on the capacitor, it is necessary to include
the heating created by all the frequency components present in
the capacitor current. A term called ““ Capacitor Heating Factor”
(CHF) (1), is introduced in [18], to assess this. In (1), I, is
the RMS value of current at a particular frequency “ n” and
My, is the ripple current multiplication factor (or frequency
multipliers) that can be obtained from the datasheet of the
capacitor [19]. Frequencies up to 6 kHz are chosen for the
computation since the inverter switching frequency is 5 kHz.
As per the datasheet, the maximum CHF value of this dc bus
capacitoris 11 A at an ambient temperature of 55 °C. The CHF is
mainly contributed by the low-frequency components (< 1 kHz)
due to higher equivalent series resistance (ESR) and low M
in the low-frequency range [9], [20]

o 12
CHF = anl IR

As can be seen from the simulation studies presented in
Section V, the abnormalities in the supply voltage result in an
increase of distortion in the current drawn by the ASD. Hence
the THD;, defined in (2), along with the CHF are used in this
study to quantify the performance of the system proposed
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IV. OVERVIEW OF EFFECTS OF DOMINATING PQ EVENTS ON
CAPACITOR

A detailed study on the effects of distortion and unbalance
in the supply voltage are given in [9]. This section gives an
overview of the impact of these dominant disturbances on the
capacitor current. Fig. 4(a) and (b) shows the waveform of the
capacitor current and its FFT, respectively, when the supply
voltage to the ASD is balanced and undistorted, for the purpose
of comparison.

A. Effect Under an Unbalance Case

A 7% unbalance (calculated using sequence component defi-
nition in IEC 61000-2-4 [17]), being the extreme case observed
in field, is introduced in the supply voltage and the capacitor
current response is shown in Fig. 4(c) and (d). It can be seen that
the capacitor current has a dominant 100 Hz component while
the magnitude of 300 Hz component is not appreciably altered
in comparison to the balanced case [cf. Fig. 4(b) and (d)]. Due
to this dominant 100 Hz component, the net CHF has increased
to 13.5 A. From several simulation runs, it has been found that a
5% unbalance will result in a CHF of 11 A, which is the critical
level for the capacitor used at an ambient temperature of 55°C
[10].

B. Effect Under an Odd Ordered Harmonic

It is seen from the recorded data that the magnitude of 5%
and 7™ harmonics are observed up to 20% and their angles are
spread over the entire 360° (cf. Fig. 2). It is identified from the
previous study [9] that 180° is a critical harmonic angle for the
5% ordered harmonic concerning its effect on the CHF. Hence,
20% 5™ harmonic at an angle of 180° is introduced in the supply
voltage and the capacitor current for this case is shown in Fig.
4(e) and (f). The odd ordered harmonics increase the amplitude
of the six times the supply frequency component (300 Hz for a
50 Hz supply) [9]. This is also evident by comparing Fig. 4(b)
and (f). The resultant CHF for this case is 12.4 A. It is also found
from the studies that the angle of harmonic strongly influences
the CHF response [9].

C. Effect Under an Even Ordered Harmonic

Even ordered harmonics in the supply voltage create asym-
metry between the positive and negative half cycles of the supply
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voltage. It has been found that this results in triple the supply
frequency component (150 Hz for 50 Hz supply) in the dc bus
[14]. It is found from the previous study [6] that 0° harmonic
angle is critical for 2" ordered harmonic concerning its effect
on the CHE. Also, the level of 2" harmonic observed in the
field is around 4%. Hence, 4% 2™ harmonic at an angle of 0° is
introduced in the supply voltage. The resultant capacitor current
and its FFT are shown in Fig. 4(g) and (h). It can be seen from
Fig. 4(h) that while the value of 300 Hz component is nearly
same as in Fig. 4(b) a dominant 150 Hz component is present
in this case. Due to this, the net CHF value increased to 15.1 A.
This shows the importance of even ordered harmonics on the
capacitor current. To understand the reason for such high value
of 150 Hz component in the capacitor current, the dc network
of the ASD is modeled as shown in Fig. 5(a). The input to the
circuit shown is Vi, which is the voltage measured at the output
of the diode bridge (before dc choke). The resistance associated
with the dc choke is represented as R;. The ESR of the capacitor
is modeled as Ry, as it is frequency-dependent and the values
are taken from datasheet [19]. The ASD load is modeled as
resistive (R). The capacitor current (RMS value — I) is a
function of the magnitude and frequency of diode bridge output
voltage and is given in (3). The frequency response of I/ Viec
is shown in Fig. 5(b). It can be seen from Fig. 5(b) that the
150 Hz component is present near the resonant peak and the
presence of a small value of V. at 150 Hz will result in a large
value in the capacitor current. Due to the constraints in placing
the resonant peak during the design [14] this amplification is
difficult to eliminate by proper sizing of dc bus components.

Iic o 7]@)0 (wC’Rng - _]R)
Viee d(w)

where d(w) = wC(RRy + R1Roy, + RRoy) + wL + j(w?LC
(R+ Raw) — R1 — R).

3

V. PROPOSED GDCM

It is clear from the previous section that the supply voltage
distortion and unbalance are critical to the dc bus capacitor. To
operate the ASD under such polluted grid conditions, an add-on
circuit named GDCM is proposed as shown in Fig. 6. It consists
of adiode bridge, a bus capacitor, an H-bridge, and a transformer.

The waveform of the rectified voltage (vr.) for an unbalance
case of 7% is shown in Fig. 7(a). It is seen to contain both dc
and ac components. While the dc component is only desirable
in v, the ac ripple is normally unavoidable. The amplitude
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(Vrec), (b) inductor current (%i5q), and (c) capacitor current (i.).

and frequency of ac ripple depend on the level and type of
disturbance in the ASD input. As a response to this ac ripple
voltage, the ripple in the inductor current and capacitor current
can be observed as shown in Fig. 7(b) and (c), respectively.
Increase in this ripple current reduces the life of the capacitor
and may cause damage if it crosses its critical limit. The proposed
module delivers a controlled ac voltage that nullifies the effect
of voltage ripple across the diode bridge of the main ASD.

A. Control Loop

As mentioned in Section I, the control will be turned ON
whenever required based on the estimation of CHF using the
measured V., as shown in Fig. 8.

3944
52 + 88.8s + 3944

The CHF estimation procedure is as follows. The ripple part
of the vrec (Urec_ripple) 18 €xtracted by eliminating the average
value which is found by using a low pass filter (LPF) with a
cut off frequency of 10 Hz. The transfer function of the filter
[Grpr(s)]is given in (4). The magnitudes (mag fi) of interested

Grpr (5 ) = 4)
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Urec—ripple -

frequency components (dominant low frequency and switching
frequency) present in Urec_ripple are found using the approach
given in Fig. 9. Using the 1./ Vi values at different frequencies
calculated using (3), the capacitor current magnitude (/.) at
different frequencies and hence the CHF value can be estimated.
If this estimated CHF (CHF,,) is more than a critical value («)
then the control is turned ON, as shown in Fig. 8. This critical
limit can be fixed based on the value of maximum allowable
ripple current obtained from the datasheet of the capacitor. For
the capacitor used in this study, « = 11 A.

The aim of this GDCM is to suppress the effects of PQ dis-
turbances on the capacitor and reduce the CHF. This is achieved
by suppressing the effects of vrec_rippte- This can be done by two
methods. Method I'is an open loop control where the vrec_ripple 15
extracted and injected out of phase by the GDCM. In order to do
this, vrec_ripple 18 scaled down to &1 V (peak value of the carrier
signal) by a scaling factor 'k, as shown in Fig. 8(a). The value
of k is decided based on the peak value of the vyec_ripple under
the worst case disturbance. From the simulation studies based
on the field data, the peak value of worst case vrec_ripple is 120 V.
Hence the k value is chosen as 0.008, in order to scale down the
ripple to £1 V. This scaled ripple is used as the modulating signal
(Umoq) and compared with a 10 kHz carrier signal to generate the
pulses for the H-bridge. In this way, the magnitude of the low
frequency ripple in the 7. can be suppressed.

Suppression of the effect of Vrec_ripple 1S also possible by
measuring the current through the inductor. This is referred
to as Method II. The ac component of the inductor current
(Yind—ripple) acts as the measure of error between the vrec ripple
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Fig. 10.  Control loop of Method II.
TABLE I
GDCM CONTROL LOOP PARAMETERS
Parameter | Value
ky, - Proportional constant 0.45
Controller T; - Integral time constant 800 ps
G - Gain (Ve —Gpem/2) 270
Inverter Ts - Switching delay time 50 ps
N> /N - Transformation ratio 1/5
Transformer Ly, - Magnetizing inductance 60 mH
L; - Leakage inductance referred to primary | 0.62 mH
R, - Winding resistance referred to primary 4Q

TABLE III
CLOSED LOOP TRANSFER FUNCTION COEFFICIENTS

\ Value
ai T; (TS + RC)
a2 T; + RC
by RLCT;Ts (Lm -+ Ll)

ba RLCT; {RZTS + (Lm + Ll)} +(Lm + Ll) (L + RTZ) TsT;
RLRLCTZ' —+ (Lm =+ Ll) (L —+ RTS) Ti+RlTSTZ’L

bs +kpG Ly RCT;
by kpGLm (1 + RC) + RRTT;+T; {(Lm + Ll) R+ LR[}
bs kpGLm + RR/T;

and vg.. Hence, instead of measuring the v, and finding the
error, the scaled error (4ing—ripple) itself is measured. The iyq—ripple
is extracted from the measured #;,q by filtering the dc component
and processed through a controller. The output of the controller is
compared with the carrier signal for pulse generation, as shown
in Fig. 8(b).

The control loop for this method II is given in Fig. 10 and
the parameter values are given in Table II. As mentioned, the
ac component of inductor current (Zing—ripple) 1S @ representation
of the error between vrec_rippte and Vsec. The value of #ind—ripple
for a given ripple voltage in the dc side is calculated using
the expression (5), which is derived based on the simplified dc
network shown in Fig. 5(a). The resistances associated with the
choke and capacitor are neglected for this transfer function, for
the sake of simplicity. This #ind—ripple 1S input to the PI controller
as shown in Fig. 10. Due to the oscillatory nature of 4ing_ripple.
the error (¢ind—ripple) May not be completely zero. However, its
magnitude can be reduced as low as possible to 1% of its value
prior to the control action. Since the ripple frequency to be
compensated is in the range of 300 Hz, the bandwidth of the
closed loop transfer function is kept higher. Hence, the controller
parameters (k,,, T;) are chosen such that the error is 1% and
bandwidth is around 2 kHz. The closed loop transfer function of
the control loop is given in (6) and the coefficients are given in
Table III. The frequency domain response of this loop is given
in Fig. 11. It can be seen that the bandwidth is 2.1 kHz. The
transformer parameters used in this control loop are measured
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(c) inductor current, (d) DC bus voltage, (e) measured and estimated value of
CHE, (f) capacitor current, (g) THD; of the ASD input, (h) input current to the
GDCM, (i) GDCM capacitor current, and (j) transformer primary current.

from the built unit and its design is given in the next section

Z.indfripple _ 14+ RCs (5)
Urec,ripp — Ugec RLOSZ + RLs + R
Urec_ripp _ kpGLm {a152 + azs + 1} (6)
Usec b1s* + bys3 + b3s2 + bys + by '

A sample validation of the proposed control under an
unbalanced supply voltage is shown as a simulation study in
Fig. 12. A 7% unbalance is introduced in the supply voltage
at t = 0.5 s. When the estimated CHF (CHF,) crosses the
preset limit of 11 A, the control is turned ON. Att = 0.65 s, the
unbalance in the supply voltage is reduced to 1.5%. As a result,
the CHF, reduces below 11 A and hence the control is turned
OFF. Thus, the operation of the GDCM is controlled by the value
of CHFg. The simulated waveform shows the reduction of input
current THD; from 125% (in the worst phase) to 33% as shown
in Fig. 12(g). The CHF reduction from 13.5 to 0.8 A is shown
in Fig. 12(e). Thus, the GDCM reduces the stress on the dc bus
capacitor. Also, a ripple-free (low frequency) inductor current
and dc bus voltage are observed as shown in Fig. 12(c) and (d),
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Fig. 13.  Simulated response of the proposed ASD+GDCM with a supply

voltage having 2% of 2™¢ harmonic under different load conditions: (a) input
line voltage, (b) drive input current, (c) inductor current, (d) dc bus voltage,
(e) measured value of CHF, (f) capacitor current, (g) THD; of the ASD input,
(h) input current to the GDCM, (i) GDCM capacitor current, and (j) transformer
primary current.

respectively, when the GDCM control is ON. The voltage and
current signals of the GDCM are also shown in Fig. 12. It can be
seen that the current input to the GDCM is 1 A RMS (= 9% of
the ASD rated current) with a peak value less than 5 A. Also, the
CHF of the capacitor in the GDCM is only 2.5 A. The current
through the primary side of the transformer is 2 A RMS. This
shows that the required rating of the GDCM is much lesser than
that of the main ASD. It can be observed from Fig. 12(e) that dur-
ing transition period, the CHF is comparatively faster than the
actual CHF, which is calculated based on the measured capacitor
current. This is due to the reason that the estimation is directly
based on the measured v.. In a way, it is advantageous as the
control will take action little faster (before the current actually
reaches its critical limit). However, in the steady state, they are
equal, when the control is OFF. In the case of PQ disturbances,
there will be a considerable vyec_ripple and hence the CHF .

Once the CHF crosses its preset limit, the GDCM control is
turned ON and the actual CHF in the capacitor current reduces.
So, until the disturbance is present, the estimated value will be
high while the actual value will be low. Hence, the estimated
value will not be equal to the actual value when the control is
ON.

The performance of GDCM is also evaluated under light load
conditions. For instance, a simulated case is shown in the Fig.
13, where the supply voltage is added with 2% of 2" ordered
harmonic at 0°. The impact of this distorted supply voltage on
all the signals can be seen from ¢ = 0.4-0.45 s. Notably, the
THD; of input current is increased to 105% [see Fig. 13(g)], dc
bus voltage ripple is around 102 V [see Fig. 13(e)], and CHF
of capacitor current is 14 A. When the control is turned ON at
0.45 s, the values of all the forementioned parameters reduced
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Fig. 14. GDCM ratings for different power rated ASDs. (a) Voltage and current
ratings. (b) Power rating of GDCM and its ratio with respect to ASD rated power.

— 32 % THD;, 15 V dc bus ripple, and 1.5 A CHF. To verify
the performance of the GDCM under light load conditions, the
load on the drive is reduced from full load to half load at 0.55 s.
During this low load condition also, the control maintains the
same quasi-square shape of the input current which validates
the performance of GDCM, as can be seen from the Fig. 13(b).
It is also worth to note that the impact of grid disturbances on
the dc bus capacitor are less severe under light load conditions
compared to the full load condition [9].

B. Power Circuit Design of GDCM

The power rating of compensation module depends on the
level of disturbance that GDCM has to support. Based on the field
data— 7% of unbalance, 20% of odd harmonic distortion, and 4%
of even order harmonic distortion are the worst-case boundary
values [9]. It is found from the simulation studies that the
maximum magnitude of ripple voltage (RMS) that correspond
to the above disturbance condition is: 25 V at 100 Hz, 50 V at
300 Hz, and 10V at 150 Hz. Hence, the worst case ripple voltage
that needs to be compensated by this GDCM for these worst-case
disturbances is calculated as 58 V (RMS). With a safety factor
of 1.2, the voltage rating of GDCM is set as 70 V. The current
response for a given ripple voltage (vr.) can be calculated from
(7), which is derived using the dc network as in Fig. 5(a). Using
(7), the net RMS value of the current rating is calculated as 15 A.
Hence, the rating of the GDCM is 70 x 15 ~ 1.1 kVA, which
is approximately 1/7" the rating of the ASD.

I, - wC (ng — R) -7 (1 + RRQWOJ202)
Viec B d(w) ’

Further, the following exercise is carried out to understand the
power rating of GDCM for different power rated ASDs. For
this, ASDs of different power ratings from 1.5 to 75 kW are
considered. It is found from the simulation studies that the worst
case ripple voltage is nearly same (around 65-70 V) for all the
ASDs of different rated power. Using (7), the RMS value of the
current () is calculated for each power level and plotted as
shown in Fig. 14(a). The ratio of power rating of the GDCM
(Pspem) to the ASD rated power (Pasp) is shown in Fig. 14(b).
It can be seen that this power ratio is decreasing with increase
in the ASD power rating. Hence, GDCM is more advantageous
with high power ASDs than with low power ASDs.

The transformation ratio (N3/N7) of the transformer is de-
cided based on the worst-case peak value of the ripple voltage

(7
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TABLE IV
GDCM PARAMETERS
Parameter [  Diode |  Capacitor [ IGBTs [ Transformer
Valuc | 800 V,5 A | 800 V, 230 uF | 800V, 10 A | L.IKVA, 51

(Vrec_ripp—peak) t0 be compensated and the dc bus voltage of
GDCM (Vpc—gpem)- The worst-case value of Vrec_ripp—peak that
is observed from the simulation studies is 90 V. The value of
Vbc—cpem depends on the supply voltage. It is likely that sag
may also occur along with other PQ disturbances in the supply
voltage. Most of the ASDs may trip in under voltage fault due
to the sag when the residual supply voltage is in the range of
70%—80% based on their internal settings. For the selected
ASD, the under voltage trip level is set at 80% of its rated
voltage. Hence, the GDCM may be required to support up to
this sag level. The dc voltage of GDCM at 80% supply voltage
is 0.8 x 400 x 1.35 =432 V. In order to ensure the GDCM
control not entering in to the over modulation, the required
transformation ratio is calculated using (8) as 0.208 (x1/5).
In (8), MI denotes the modulation index. The values of the
GDCM components are given in Table IV. In the worst-case
ripple condition, the CHF value of the capacitor (Cgpem) 1S
observed tobe 2.5 A [cf. Fig. 12(i)] and hence a 5 A rated current
capacitor is sufficient in the GDCM. Similarly, the maximum
current through the IGBTs is 4 A and hence a 10 A rated current
device is sufficient. Diode bridge rectifier is used to support
the dc voltage at GDCM. Though there is no real power support
given by the GDCM to the main ASD, the use of diode bridge has
two major advantages. One is to supply the losses for the GDCM
and the other one is on the reduction in the required capacitance
at the dc link. The losses in the transformer and the H-bridge can
be supported by this diode bridge in the GDCM. Since the diode
bridge can charge the capacitor (six times in a power cycle), the
required capacitance for a reasonable ripple (3%) in the dc bus
of GDCM is very less. In the present circuit, two 460 pF (in
series for a dc bus of 800 V) capacitors are used. In order to
maintain the same dc bus ripple (around 3%) without the diode
bridge, the required capacitance will be around 3300 pF (around
7 times more than the previous value). Further, the value of this
capacitance is more than the capacitance used in the main ASD.
Moreover, the cost of this bulky capacitor is much higher than
the extra diode bridge used. Hence, considering the cost and
space, using the diode bridge seems to be a better method than
a bulky capacitor. The design of the transformer is discussed as
follows:
Vbc—cpem x M1 x % = Urec_ripp—peak - (8)
Design of transformer: As mentioned, the transformer is
rated for 1.1 kVA with a turns ratio of 1/5. On the secondary
side, the transformer has to carry dc current and hence a dc
flux in the core as well. Hence the transformer needs to be
designed with care to avoid saturation. An amorphous core (with
EE geometry) is used in the present design. The primary and
secondary turns are calculated to be 450 and 90, respectively,
to have the peak value of ac flux density under a worst-case
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TABLE V
GDCM LOSSES

Parameter | Diode bridge [ Capacitor [ IGBTs | Transformer
04W | 5W [ 13IW ] 463W

Losses |

disturbance to be 0.35 T. To avoid saturation, an air gap of 3 mm
is provided in the core to restrict the dc flux density to be 0.55 T,
calculated using (9), [21]. In (9), N, represents the secondary
turns, /4. is the average value of the choke current under full load
condition which is 15 A, [, is the air gap (in cm), MPL is the
Magnetic Path Length of the core which is 41 cm, and p,, is the
permeability of the magnetic material which is found as 3000 by
experimental measurements in the lab. On the whole, the peak
value of flux density (Bg. + Bac,peak = 0.55 T'+0.35 1) is
restricted to be lesser than 1T.

047N, I

Bye e x 107 T )
by & S

C. Efficiency of GDCM

The losses of GDCM power components are tabulated in
Table V. Total losses in GDCM circuit is 74.8 W (104 + 5
+ 13.1 + 46.3). The efficiency of GDCM circuit alone is 93.2%.

Loss calculation considering the total ASD unit along with
GDCM circuit: The efficiency of the ASD will drop when the
supply voltage is polluted with disturbances such as unbalance
and harmonics. The calculated efficiency of the drive (only ASD)
when the supply voltage is 7% unbalanced (worst-case) is 92%
where the loss is 600 W. This is due to the reason that the
power components (input rectifier, dc chokes, dc capacitors) will
face extra ripple current. When the GDCM is active, the current
drawn will be a quasi-square and the rms value reduces compared
to the case with disturbance. The efficiency of ASD in this case is
95% (more than the value under its normal operating conditions,
as the choke and capacitor losses reduced). The loss under this
case is 300 W. Also, an extra loss of 74.8 W (as mentioned) will
be there in the GDCM circuit. Hence, the efficiency of the total
unit (ASD+GDCM) (when the GDCM circuit is operating) will
be 95% (7500 — (300+74.8) / 7500). It can be noted that the due
to GDCM the efficiency of the overall system (ASD+GDCM)
increased from 92% to 95%.

D. Validation of Proposed GDCM

The proposed GDCM is validated for a large set of com-
binations of unbalance and harmonics in the supply voltage
considering the variation in grid impedance conditions. The
system is also validated by the test setup created in the lab.

1) Validation Under a Large Set of Data: For this validation,
the set of input voltage combinations are taken based on the
field data, as follows. The even ordered harmonics (2" and 4™)
are varied from 0 to 4% in steps of 2% along with its angle
variation from 0° to 180° in steps of 60°. Also, the odd ordered
harmonics (5™ and 7") are varied from 0 to 20% in steps of
10% along with the harmonic angle variation from 0° to 360°
in steps of 60°. Altogether, 46 656 combinations are obtained.
Along with these combinations, the unbalance of magnitude
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Fig. 15.  Performance evaluation of proposed control for a large set of distur-
bances under different grid impedances: Rgcg = 1000 — (a) CHF, (b) THD;;
and Rscg = 100 — (c) CHF, and (d) THD,.

0%, 3%, and 7%, is also introduced simultaneously in the
supply voltage. On the whole, 139 968 different combinations
of supply voltages are obtained. All these different voltage sets
are applied to the ASD and simulated with the proposed GDCM
through automated scripts. In order to verify the efficiency of
the proposed compensator under all the disturbance conditions,
control is kept always ON irrespective of estimated CHF value.
The resultant CHF and THD; values for all the combinations
are shown in Fig. 15(a) and (b), respectively. It can be seen that
the maximum CHF value for all the cases is lesser than 2.5 A.
This proves the validity of the proposed compensation technique
under a wide range of disturbance conditions. Also, the THD;
values are less than 35% for all the cases irrespective of the
disturbances.

2) Validation Under a Weak Grid Condition: In the previous
section, the validation of the proposed GDCM is studied under
a stiff grid (Rscg = 1000) condition. In order to validate the
proposed control under a comparatively weak grid condition,
the grid impedance value is altered such that the Rgcg value
is 100. This grid impedance is considered based on the Single
Line Diagram of an industrial site. Under this grid impedance
condition, the different combinations of supply voltage used in
the previous section are applied to the ASD and simulated. The
CHF and THD; responses under all the disturbance conditions,
with and without GDCM, are shown in Fig. 15(c) and (d),
respectively. It is evident from these plots that the GDCM works
satisfactorily under a weak grid condition also.

3) Hardware Validation: The proposed GDCM is validated
using the test setup created in the lab as shown in Fig. 16.
The ASD taken is a Danfoss VLT FC302 7.5 kW drive. The
developed compensation module along with the designed trans-
former is also shown in Fig. 16. A TMS320F28335 DSP con-
troller is used for the implementation of the control algorithm.
The MX22.5-3Pi programmable power supply from Ametek is
used for introducing the different unbalance and harmonics at
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Fig. 17. Validation of GDCM under a odd harmonic case — 5 harmonic
magnitude variation from 5% to 10% at 180°.

required magnitude and angle. The CHF limit in order to turn
ON the compensation is set as 9 A (conservatively, instead of
11 A) for the validation purpose.

Supply voltage with odd harmonic (5™) is shown for a sample
validation case. As mentioned, 180° is a critical harmonic angle
for 5 harmonic. Hence, 5% 5™ harmonic at 180° is applied to
the supply voltage and the response of the ASD for this supply
condition is shown in Fig. 17. It shows the line voltage, line
current, inductor current, capacitor current, and control enable
signal. The CHF value is estimated as 6.9 A while the actual CHF
is measured as 7 A. The magnitude of 5™ harmonic is increased to
8% and the increase in the line, inductor, and capacitor currents
can be noted in Fig. 17. As the estimated value (9.2 A) of CHF
crosses its limit, the control is turned ON. Subsequent to initiation
of control, the CHF and THD; values reduce to 1.9 A and 33.1%,
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respectively, as seen from the plot. The CHF is still 9.2A as
the 5 harmonic is still present in the supply voltage.

The validation study is also carried out for different harmonic
and unbalance cases and Fig. 18 shows two cases — one case
where the supply voltage is with even ordered harmonics and
other case with unbalance. A 1.4% 2" harmonic at 0° (critical
angle for 2" harmonic [14]) is applied to the supply voltage and
the response line, inductor and capacitor currents are shown in
Fig. 18(a). The CHF and THD; values are calculated as 9.2 A
and 118%, respectively. For the same input voltage condition,
the response currents with GDCM is shown in Fig. 18(b). It can
be seen that the CHF and THD; values reduced to 2.1 A and
32.2%, respectively.

The supply voltage is introduced with 5% of unbalance and
the response line, inductor and capacitor currents are shown in
Fig. 18(c). The CHF and THD; values are calculated as 9.8 A
and 127%, respectively. For the same input voltage condition,
the response currents with GDCM is shown in Fig. 18(d). It can
be seen that the CHF and THD; values reduced to 2.2 A and
32.6%, respectively.

VI. ADVANTAGES OF GDCM — TECHNOLOGY COMPARISON

As mentioned in Section I, there is no direct solution reported
to reduce the stress on the dc link capacitor in the presence of PQ
disturbances. However, some of the solutions available to reduce
the input harmonic current and use of active capacitors, may also
reduce the stress on the capacitor. Hence such techniques are
considered for the comparison study. For this study, the existing
techniques such as MDVR, SVC, and AFR are considered. A
modified DVR [12] can be used to filter out the disturbances in
the supply voltage and provide a balanced sinusoidal supply to
the ASD. While this seems to be a workable solution, the ad-
ditional components and their ratings are comparatively higher.
The topology of MDVR is shown along with its parameter values
in Fig. 19(a). It requires seven voltage sensors and thee current
sensors for its operation. The size of the filter inductance (L y)
and dc bus capacitor (Cyipyr) used in the MDVR is comparable
to the corresponding ASD main dc link parameters. The next
existing solution is SVC [15] and its topology is shown in
Fig. 19(b). It requires a single phase inverter with an LC filter
connected between the dc bus voltage and the inverter. It requires
three sensors for its operation. The comparison of the perfor-
mance of the techniques and their ratings (current and voltage)
are better understood using simulations. Hence, a sample case
with the supply voltage having 10% 5" harmonic at 0° and 2%
2" harmonic at 0° is considered for the study. This distorted
supply voltage is input to the ASD with different techniques
mentioned (MDVR, SVC, and GDCM) and simulated separately
(one technique at a time). The simulation results are plotted as
shown in Fig. 20. The responses of the existing techniques to this
distorted supply voltage are compared with GDCM as follows.

1) ASD Input Current: Due to this distorted supply voltage,
the THD; of input current drawn by ASD+SVC is 81% as seen
from Fig. 20(c). The MDVR, on the other hand, cancels the
harmonics in the line side due to its voltage introduced as shown
by wvqyr [see Fig. 20(b)] and the ASD terminal voltage (v¢) is
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Fig. 18.
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free from the distortion. The THD; of the drive input current
reduces to 51% due to the filtering of 2™ and 5" harmonics in
the supply voltage and only the ASD characteristic harmonics
are present as seen from Fig. 20(c). The GDCM, however,
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reduces this THD; to 32% due to the quasi-square shape of the

current.

2) Ripple in DC Link Inductor and Capacitor Currents of
ASD: Inductor (and capacitor) current is dominated with by 150



GOPALAN et al.: ROBUST ASD TO OPERATE IN POLLUTED GRID CONDITIONS

TABLE VI

COMPARISON OF GDCM WITH MDVR [12], AFR [13], AND SVC [15]
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Parameter MDVR [12] AFR [13] SVC [15] | GDCM (proposed)
Compensation source side source side DC bus side DC bus side
Main aim Balanced sinusoidal THD; of DC link Capacitance Capacitor stress
voltage at load source current < 5% reduction reduction

DC choke and
capacitor stress

Medium - 300 Hz
ripple is still present

Less - only switching
frequency components

More - ripple
is still present

Less - only switching
frequency components

Retrofit option Yes - feasible No Yes - feasible Yes - feasible
Running condition Whenever required Always Whenever required Whenever required
High - 1 bridge rectifier, High - 3 filter Less - 1 bridge Less - 1 bridge rectifier,

Additional 1 DC bus capacitor, inductors, 6 high rectifier, 1 DC bus 1 DC bus capacitor,
components 1 VSC (6 switches), current switches capacitor, 1 H-bridge,
3 LCR filters, 3 transformers 1 H-bridge 1 transformer
Control complex - complex - vector or simple - no complex simple - no complex
requirement dgq control direct power control math calculations math calculations
Sensing grid voltages (3), grid voltages (3), DC capacitor voltage (1) rectified voltage (1)

requirement

load voltages (3),
and load currents (3)

load voltages (3),
and grid currents (3)

and
voltage across SVC (1)

or
inductor current (1)

and 300 Hz components in the ASD+SVC due to the presence
of even and odd ordered harmonics respectively, as shown in
Fig. 20(d) and (e), respectively. It can be seen that the 150 Hz
component is absent in the inductor and capacitor currents in
ASD+MDVR topology as shown in Fig. 20(d) and (e), respec-
tively. This is due to the removal of even ordered harmonics at
the ASD terminal by the MDVR. However, a 300 Hz ripple still
appears due to the six pulse rectification, whereas this 300 Hz
ripple is also filtered out in ASD+GDCM. This provides a low
frequency ripple-free flat inductor current, capacitor current, and
dc bus voltage.

3) DC Bus Voltage to the Load: Due to the compensation
by SVC, the dc voltage applied at the inverter input terminal is
free from low frequency components as shown in Fig. 20(g).
The impact of SVC can be observed by comparing the dc bus
voltage and inverter input voltage as shown in Fig. 20(f) and (g)
respectively. For the other two techniques (ASD+MDVR and
ASD+GDCM), the inverter input voltage is same as the dc bus
voltage. ASD+MDVR topology will still have low frequency
ripple in the v4._iny and the magnitude of ripple is based on the
LC design value, usually less than 5%. While vg._iyy in other
two topologies (ASD+GDCM and ASD+SVC) will have only
a negligible magnitude of low frequency ripple, as can be seen
from Fig. 20(g).

4) Capacitor Ripple Current in Additional Circuit: All ad-
ditional circuits (MDVR, SVC, and GDCM) have a capacitor in
its their dc link. This capacitor is named as Cypygr, Csvc, and
Caopem, as shown in Figs. 19(a), (b), and 6, respectively. The
RMS values of the capacitor current in the additional circuit C',
(where n is MDVR or SVC or GDCM) is 12.5 A with SVC,
6 A with MDVR, and 3.2 A with GDCM. From this, it can be
inferred that the capacitor ripple current in additional circuit is
comparatively high with SVC and MDVR, than with GDCM as
shown in Fig. 20(h). Hence a higher current rating capacitor is
required for SVC and MDVR, compared to GDCM.

An AFR could be another option that reduces the THD; of
the source current to lesser than 5% but the cost is nearly 2
to 3 times the cost of a normal diode bridge front-end ASD.
Thus GDCM is better than SVC, MDVR, and AFR in terms of
control, performance, quantity, and rating of extra components.

A detailed comparison is given in Table VI. This shows the
advantage of GDCM over the other methods.

VII. CONCLUSION

While the PQ of the industrial grid is poor due to the domi-
nance of distortion and unbalance, its effect on the dc bus capac-
itor is alarming. Also, it is seen that the CHF value may cross
its critical reference value for some cases, where the distortion
level is even lesser than the corresponding IEC standard limit.
Hence the dominance of distortion and unbalance in the supply
voltage is critical to the dc bus capacitor. In order to operate the
ASD under such polluted grid conditions, an additional circuit
(GDCM) that could be retrofitted to the main ASD is proposed. It
is seen that the power level of the proposed module is much lesser
than that of the main ASD. The proposed GDCM improves the
line current harmonics and it is expected to improve the lifetime
of the dc bus capacitor.

ACKNOWLEDGMENT

The authors gratefully acknowledge the funding received
from Government of India and Danfoss Drives India under the
UAY scheme.

REFERENCES

[11 A. Yializis, “A disruptive dc-link capacitor technology for use in electric
drive inverters,” in Proc. 2nd Passive Compon. Netw. Symp., Sep. 2019,
pp- 102-110.

[2] H. Wang, P. Davari, D. Kumar, F. Zare, and F. Blaabjerg, “The impact of
grid unbalances on the reliability of dc-link capacitors in a motor drive,”
in Proc. IEEE Energy Convers. Congr. Expo., 2017, pp. 4345-4350.

[3] M. Grady, “Understanding power system harmonics,” Austin, TX: Uni-
versity of Texas, 2006.

[4] D. Kumar and F. Zare, “Harmonic analysis of grid connected power
electronic systems in low voltage distribution networks,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 4, no. 1, pp. 70-79, Mar. 2016.

[51 J.R. Yadav, K. Vasudevan, D. Kumar, and P. Shanmugam, “Power quality
assessment for industrial plants: A comparative study,” in Proc. IEEE 13th
Int. Conf. Compat., Power Electron. Power Eng., Apr. 2019, pp. 1-6.

[6] S. Gopalan, K. Vasudevan, D. Kumar, and P. Shanmugam, “Impact of
supply voltage harmonics on dc bus capacitor and inductor of adjustable
speed drives,” in Proc. 13th IEEE Int. Conf. Compat., Power Electron.
Power Eng., 2019, pp. 1-7.



5834

[7]1 R. Carbone, “Analyzing voltage background distortion effects on pwm
adjustable-speed drives,” IEEE Trans. Power Electron., vol. 19, no. 3,
pp. 765-774, May 2004.

[8] A. Mansoor, W. M. Grady, R. S. Thallam, M. T. Doyle, S. D. Krein, and
M. J. Samotyj, “Effect of supply voltage harmonics on the input current of
single-phase diode bridge rectifier loads,” IEEE Trans. Power Del., vol. 10,
no. 3, pp. 1416-1422, Jul. 1995.

[9] S. Gopalan, K. Vasudevan, D. Kumar, and P. Shanmugam, “Impact of

supply voltage unbalance and harmonics on dc bus electrolytic capaci-

tor of adjustable speed drives,” IEEE Trans. Ind. Appl., vol. 56, no. 4,

pp- 3819-3830, Jul./Aug. 2020.

S. Gopalan, K. Vasudevan, D. Kumar, and P. Shanmugam, “Voltage unbal-

ance: Impact of various definitions on severity assessment for adjustable

speed drives,” in Proc. 8th IEEE India Int. Conf. Power Electron., 2018,

pp. 1-6.

IEC Adjustable Speed Electric Power Drive Systems 61800 - Part 3:EMC

Requirements and Specific Test Methods, Standard., 2017.

T. A. Naidu, S. R. Arya, and R. Maurya, “Multiobjective dynamic voltage

restorer with modified epll control and optimized PI-controller gains,”

1EEE Trans. Power Electron., vol. 34, no. 3, pp. 2181-2192, Mar. 2019.

Y. Suh, Y. Go, and D. Rho, “A comparative study on control algorithm for

active front-end rectifier of large motor drives under unbalanced input,”

IEEE Trans. Ind. Appl., vol. 47, no. 3, pp. 1419-1431, May/Jun. 2011.

S. Gopalan, K. Vasudevan, and D. Kumar, “An approach to control of

scr bridge rectifier to suppress the effect of even ordered supply voltage

harmonics on dc bus capacitor of adjustable speed drives,” IEEE Trans.

Ind. Electron., vol. 70, no. 3, pp. 2264-2276, Mar. 2023.

H. Wang, H.S. -H. Chung, and W. Liu, “Use of a series voltage compensator

for reduction of the dc-link capacitance in a capacitor-supported system,”

IEEE Trans. Power Electron., vol. 29, no. 3, pp. 1163-1175, Mar. 2014.

S. Gopalan, K. Vasudevan, and D. Kumar, “Methods to mitigate the effect

of power quality disturbances on the dc bus capacitor,” Indian Patent

419671, Jan. 01, 2023.

IEC Electromagnetic Compatibility (EMC) 61000 - Part 2-4: Environment—

Compatibility Levels in Industrial Plants for Low-Frequency Conducted

Disturbances, Standard., 2002.

D. Rendusara, E. Cengelci, P. Enjeti, and D. C. Lee, “An evaluation of the

dc-link capacitor heating in adjustable speed drive systems with different

utility interface options,” in Proc. 14th Annu. Appl. Power Electron. Conf.

Expo., vol. 2, Mar. 1999, pp. 781-787.

EPCOS, “Aluminum electrolytic capacitors,” B43511 Datasheet, 2016.

TDK, “Aluminum electrolytic capacitors-general technical information,”

Tech. Rep. 530704, 2014.

C. W. T. McLyman, Transformer and Inductor Design Handbook. Boca

Raton, FL, USA: CRC press, 2004.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

Seshadri Gopalan (Member, IEEE) received the
M.Tech. degree in electrical engineering with special-
ization in power electronics and electrical drives from
the Sardar Vallabhbhai National Institute of Tech-
nology, Surat, India, in 2016, and the Ph.D. degree
in electrical engineering from the Indian Institute of
Technology Madras, India, in 2023.

He is currently working as a Lead Engineer with
Danfoss drives. During 2011- to 2014, he was a
Systems Engineer with Tata Consultancy Services,
Chennai, India. He was a University Rank Holder in
his B.Tech. and Gold Medalist in his M.Tech. His research interests include
power electronics for motor drives and power quality.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

Krishna Vasudevan (Senior Member, IEEE) re-
ceived the B.Tech. degree in electrical engineering
(power) from the Indian Institute of Technology (IIT),
Madras, Chennai, India, in 1989, and the M.E. degree
in electrical engineering from Indian Institute of Sci-
ence, Bangalore, India, in 1991. He received the Ph.D.
degree in electrical engineering from IIT, Madras, in
1996.

Between 1991 and 1992, he worked as a Senior
Engineer with Kirloskar Electrc Company, responsi-
ble for developing UPS systems. Between 1996 and
1998, he was also Senior Engineer with M/s Lucas TVS Ltd., involved in the
performance improvement of automotive alternators. Since 1998, he has been
with the Department of Electrical Engineering, II'T Madras, where he is currently
a Professor.

Dr. Krishna is a recipient of Best student Award during his Master’s study
at [ISc, and is a recipient of DAAD fellowship for research in Germany during
2006. He has guided several students at the Ph.D., Masters and Btech levels. He
has also interacted with several industries during the course of his tenure at IITM
by way of consultancy and technology development. His research interests are
in the area of power electronics for renewable energy, machines and drives.

Dinesh Kumar (Senior Member, IEEE) received the
M.Tech. degree in power system engineering from
the Indian Institute of Technology (IIT), Roorkee,
India, in 2004, and the Ph.D. degree in power electron-
ics from the University of Nottingham, Nottingham,
U.K., in 2010.

From 2004 to 2005, he held the position of Lecturer
with the Electrical Engineering Department, National
Institute of Technology, Kurukshetra, India. In 2006,
he joined the Technical University of Chemnitz, Ger-
many, as a Research Fellow in power electronics.
Since 2011, he has been associated with Danfoss Drives A/S, Denmark, where
he contributes to numerous research and industrial projects. His current research
focuses on motor drives, harmonic analysis and mitigation techniques, power
quality, and electromagnetic interference in power electronics. Additionally, he
serves as an Adjunct Associate Professor with the School of Electrical Engineer-
ing and Robotics, Faculty of Engineering, Queensland University of Technology,
Australia. Prof. Kumar has been appointed as a Distinguished Lecturer for the
IEEE Industry Application Society from 2024 to 2025. Furthermore, he is a
Technical Expert on the Danish National Standards Committee in the IEC stan-
dardization Working Group in TC77 A, TC22/SC22 G, and SyC LVDC. He holds
the position of Editor-in-Chief of the International Journal of Power Electronics
and serves as an Associate Editor for the IEEE TRANSACTIONS ON INDUSTRY
APPLICATIONS, IEEE TRANSACTION ON TRANSPORTATION ELECTRIFICATION.
Moreover, he is a member of the Editorial Board of the IEEE Transportation
Electrification eNewsletter. He has been honored with a couple of IEEE best
paper awards.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


