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Featured Application: The time-dependent variations in current harmonic emission from switch
mode power supplies are often not considered during power quality measurements. It can affect
the results of the current harmonic estimation models as switch-mode power supplies constitute
a significant portion of domestic, commercial, and industrial electrical loads.

Abstract: This paper presents the time-dependent variance in the current harmonics emission
by power supplies during power quality measurements. Power quality problems are becoming
more significant with the adoption of power electronic-based circuits such as power supplies.
The switch-mode power supplies are widespread as industrial, commercial, and domestic
electrical loads. They draw non-sinusoidal current from the utility and inject current harmonics.
Therefore, they are the reason for poor power quality and reduction in the power factor. The current
harmonics emission from these power supplies depends on the circuit topology, operating conditions,
and filter inside them. The harmonic emission estimations are critical for network operators; however,
various uncertainties have made it a complicated task. The time-dependent stability affects the
magnitude and phase angle of the harmonic current measurements and estimation of power quality
indices. This paper investigates the variation in current harmonics emitted by the power supply
during the initial unstable period under constant load and operating conditions.

Keywords: power quality; switched-mode power supplies; thermal stability; total harmonic
distortion; current harmonics

1. Introduction

Power quality issue is becoming critical for the network operators and electrical equipment
manufacturers in the last few years. The electronics-based switching devices are burgeoning and
escalating the current harmonics emission level in the electric supply system. With the enhancement in
power electronics, the efficiency of domestic, commercial, and industrial electronic equipment has been
boosted with a substantial reduction in their size. Almost every modern electrical equipment, such as
personal computers (PC), battery chargers, household appliances, large commercial and industrial
electrical systems encompasses a converter based power supply. These power supplies incorporate
rectifiers and nonlinear components, thus polluting the distribution system with current harmonics.
Therefore, current harmonic estimation is critical for power quality assessment. Probabilistic models
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for current harmonic estimation are based on the measurements of the electrical loads [1] and most
of the non-linear loads can be modeled as different switch-mode power supplies [2]. However,
the time-dependent stability of the current harmonics generated by the power supplies may alter the
outcome of such estimations. This paper deals with the deviation in the current harmonics magnitude
and phase angles of switch-mode power supplies over time under constant load and input voltage.

The direct current (DC) power supply takes input from the utility or local DC source such as
a battery. It maintains an interminable voltage level within the designed current limits and can be
regulated or unregulated. The regulated power supplies uphold the output voltage close to the desired
nominal value for the variations in voltage, load current, and temperature [3]. The switch-mode
power supplies (SMPS) are regulated power supplies and contain alternating current to direct current
(AC-DC) converters. Because of the nonlinear components in the SMPS, they are the source of power
quality problems and feed current harmonics in the network.

These current harmonics prompt voltage distortion and the power factor reduction in the network.
The current harmonics and voltage distortion cause overloading of the transformers. Their lifespan is
reduced, and reliability is compromised. Excessive harmonic emission overheats electrical appliances
and causes additional noise. Moreover, protection equipment, such as relays and circuit breakers,
can also malfunction. Apart from polluting the network, these harmonics also affect the performance
of SMPS itself [4]. Therefore, it is essential to estimate the impact of current harmonics emission in
the network added by nonlinear power supplies. However, various uncertainties are associated with
the power system that may affect the power quality estimations. Supply voltage variation and load
operating modes can alter the harmonic emission in the grid [5]. The components present inside
various electrical appliances may provide a variation because of material properties [6]. The aging of
the components also affects the output [7]. The variation in power system operating conditions also
results in variation of the network impedance [8,9]. However, uncertainties in the measurement of
power quality indices like thermal stability of the components and transients are mostly ignored in the
harmonic estimation models available in the literature.

Since SMPS are widely used in industrial, commercial and domestic loads, their collective impact
could be devastating. Household loads in a residential distribution grid can be categorized into the
linear load and the electronic load. However, electronic appliances are responsible for the majority of
the current harmonic emission. These devices can be modeled as SMPS loads. Household appliances
are categorized based on the SMPS circuit topologies in [2]. Consequently, for an accurate power
quality assessment, every uncertainty during measurements of SMPS should be taken into account.

Several studies are available related to harmonic emission associated with the SMPS load.
The harmonic cancellation between multiple SMPS operated at the same time has been presented
in [10]. A Monte Carlo simulation is used to aggregate numerous SMPS loads. The author concludes
that harmonic cancellation is more prominent in high power SMPS. The losses due to harmonic current
injected by SPMS in a commercial building are discussed in [11]. The harmonic losses generated by
modern electronics in the commercial buildings are responsible for neutral conductor overloading,
overheating of the cables, and power factor reduction. The author projected an 8 kW of additional
losses due to harmonic loading caused by SMPS. It will increase the total building wiring losses by
up to 250%. The wiring loss caused by personal computers without harmonic elimination is 2.4 times
compared to resistive loads. The comparison of electromagnetic interference in the grid due to series
and parallel configuration of SMPS load is presented in another study [12]. A computer simulation
is used to estimate the noise effectuated by SMPS in [13]. Topologies of SMPS are simulated to find
the dimension that can impede noise emission defined by the standards. A Simulink model is used
to scrutinize the current harmonics generated by the SMPS in another study [14]. The nonlinear
loads can be imitated as parallel harmonic current sources with magnitude and phase angles [15].
A total harmonic distortion between 150% to 200% for different 3-phase balanced and unbalanced
schemes was reported. The harmonic current injection was influenced by the number of equipment,
circuit topologies, and type of equipment. The imbalance of the phase lines also altered the harmonic
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injection. The current harmonic generation due to SMPS inside computers and other electronic
equipment and the harmonic mitigation effects in the large office building is presented in [16].

Although, the studies mentioned above have considered uncertainties like harmonic cancellation,
none of them discuss the effect of time-dependent variations of the harmonic currents due to thermal
stability. A recent study reported significant variation in current harmonics magnitude and phase
angles of LED lamps when pure sinusoidal voltage is applied [17]. LED lamps also contain rectifier
circuits and draw a current waveform similar to the SMPS. The study concludes that by using
measurements performed during the period when LED lamps were unstable leads to a significant
error in harmonic current estimation.

This paper presents the results of the harmonic current variation of different industrial switch
mode power supplies under constant load and operating conditions. A comprehensive overview
of SMPS is presented in Section 2. The details of the experimental setup are described in Section 3.
Section 4 includes a detailed analysis of the experimental results and framework to estimate the
stability time of the power supplies. A comparison of the stability time of power supplies is also
described in this section. Conclusions are presented in Section 5.

2. SMPS Overview

The SMPS converts AC to DC power by using switching devices, inductors, and capacitors.
They deliver stable power to many industrial, commercial, and domestic electrical systems proficiently,
as they contain rectifier circuits, consequently drawing non-sinusoidal current from the grid. As a
result, they have low power factor and power quality [18]. SMPS are common in computers and
battery chargers of different home appliances. A typical computer SMPS operates at 220V and draws
input current with a total current harmonic distortion (THD;) of 80%, and the power factor around
0.6 [19]. The block diagram of an SMPS is shown in Figure 1. The electromagnetic interference (EMI)
filter reduces the high-frequency noise, and the inrush current limiter protects the circuit from the
initial current surge due to capacitor charging. Most high power SMPS also contains a power factor
correction circuits (PFC) to improve voltage regulations. The rectifier converts the input AC power to
DC using switching devices like a diode, Insulated gate bipolar transistor IGBT, or MOSFET. The DC
to DC converter is used to convert the input DC from one voltage level to another.

" EMI Inrush Current - Rectifier DC-DC Load
Filter Limiter Converter

Switching Control

Figure 1. Block diagram of a typical switch-mode power supply.

The latest development in power electronics has enabled us to produce more efficient DC
power supplies with improved power factor and stable output [20]. Modern design possesses low
conduction losses and synthesizes near sinusoidal current waveform leading to fewer problems related
to power quality. The SMPSs are classified based on the converters, power factor correction circuits,
and type of switching control strategy [21]. The converter topology classification includes buck, boost,
buck-boost, and multilevel converters [3]. The control strategies include pulse width modulation
(PWM), proportional integral derivative (PID), sliding mode control (SMC), adaptive control,
and neural network controllers. Many other control strategies are also employed and discussed
in the literature [22]. The single-stage power supplies are widespread as they implement power
conversion using a single switching circuit and simple control [23]. However, in computers and other
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advanced applications, the single-stage power supplies are inadequate because of the stress across
the switch and poor voltage regulations [22]. The SMPS in computers provides multiple DC outputs,
and PFC circuits are used in the first stage for improving power factor and harmonics in the input
current [24,25]. The impact of computer power supplies and other electronic equipment on the network
has been discussed in [26]. Similar studies have also estimated the impact of computer power supplies
and other new harmonic sources on the grid [27,28]. Most computer power supplies incorporate
passive PFC circuits due to strict emission standards [29]. Researchers have proposed several designs
with improved PFC for SMPS used in computer applications [30,31]

SMPS can be classified based on the type of filter circuits. Mostly low power SMPS (less than
75W) does not contain any PFC circuits. The high power SMPS may contain active or passive PFC.
The devices with passive PFC contain a large inductor to smooth the variations in the current. On the
other hand, devices with active PFC encompass an additional DC-DC converter. The SMPS with active
PFEC generates fewer harmonics than SMPS with passive PFC.

We have selected six single-phase SMPS from different manufacturers in the range of 30 W
to 120 W. Table 1 shows the detailed specification of all six SMPS. The power supplies are categorized
into two types based on the shape of the input current waveforms. Figure 2 shows the current
waveform of both types of SMPS. Type 1 power supplies include passive filtering circuits to improve
the power factor. The current waveform drawn by type 2 power supplies shows that they contain
typical rectifier circuits without filters. We have applied 60% of the rated load current using the
programmable electronic load to the power supply and recorded the input current drawn by the SMPS.

Table 1. Switch-mode power supplies (SMPS) characteristics.

Input Output  Output

No. Manufacturer Model Current Current Voltage
AC(A) DC(A) DC(V)
1 ABB, Ziirich, Switzerland CP-E 0.83 5 24
2 Dran, Chinfa Electronics, Taiwan  120-24x 0.63 5 24
3 Entrelec,Germany Systron 2A 0.30 2 24
4 Omron, Kyoto, Japan S8VS-03024 0.60 1.3 24
5 Siemens logo, Munich, Germany  6EP1331-1SH03 0.70 1.3 24
6 Siemens, Munich, Germany 6EP1332-1SH71 0.67 2.5 24
400
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> (&] O
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-2001
-3001
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(a) (b)
Figure 2. Current waveform drawn by SMPS (a) Type 1 (b) Type 2.
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The current harmonic limits are defined in the International Electrotechnical Commission (IEC)
61000-3-2. The SMPS less than 600 W comes under class D equipment. Table 2 represents the maximum
allowed harmonic current and harmonic currents per watt for odd harmonics [32].

Table 2. Current harmonic limits for class D devices.

Harmonic Order (h) Maximum Permissible Maximum Current
Harmonic Current per Watt (mA/W)  Harmonic Limit (A)

3 3.4 2.30

5 1.9 1.14

7 1 0.77

9 0.5 0.40

11 0.35 0.33

13<h <39 3.85/h 0.15(15/h)

3. Measurement Setup

We have measured six SMPS for 60 min with our test bench and evaluated their THD; and
current harmonics. The test bench involves a personal computer (PC), a 4kVA controllable power
supply Chroma 61505 (Chroma system solutions, USA), a data acquisition (DAQ) module (National
Instrumentation, United States), controllable electronic DC load TENMA 72-13210 (Premier Farnell,
United Kingdom) and power quality measurement device a-eberle PQ-Box 200 (A-Eberle, Germany).
The PQ-Box 200 can record at 200 ms resolution according to the standards IEC 61000-4-30 for CLASS A.
These 200 ms data points are aggregated to 1-s interval data available to extract from the PQ-Box
200. Relays are used to switch all SMPS automatically. A control box is designed to provide 12V
DC to the relays. The 50 Hz reference waveform for the power supply is generated with a sampling
frequency of 100 kHz using MATLAB program through the DAQ module. The DAQ module is capable
of generating an analog signal corresponding to the digital input. This reference signal (V,s) has
enabled us to generate a pure sinusoidal voltage through the programmable power supply as defined
by Equation (1).

Vip = Vi X Vo 1
range

Here, Vignge is 300 V and V,, is 7.072. The digital inputs to switch the relays are also generated
using the same the MATLAB program via the DAQ module. The reference signal is calculated by
using the relation indicated by Equation (2).

n
Vour = Y V2 X A; sin(27fits + a;) 2
i=1
A; and «; are the root mean square values of the harmonics and its phase difference from the
fundamental frequency, respectively. The harmonic frequency is shown by f; and sampling interval
by ts. The number of samples needed for the specific duration (T,;) of the voltage output from the
controllable power supply can be calculated by Equation (3).

n="Tyu X fs 3)

Here f; is the sampling frequency and its value is 100 kHz. The controllable DC electronic load is
used to operate each SMPS with 60% of its rated capacity. Figure 3 shows the block diagram of our
test setup.
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Figure 3. Block diagram of the measurement setup.

4. Results and Discussion

The measurement setup is used to test all six SMPS on pure sinusoidal voltage. The measurement
is performed for 1 h, and 60% of the rated load is applied to each SMPS. The THD;, current harmonics
magnitude, and phase angles are analyzed. Figure 4 shows the absolute percentage difference between
the THD; measured when the power supplies are in the cold state and stable state. The term “cold
state” indicates the first five minutes of the measurements, and the “stable state” indicates the duration
when the harmonic current variation is less than 0.25%. The first two power supplies indicate only
1.2% and 0.6% difference between the THD; measurements at the cold and stable state. However, the
remaining power supplies have shown a significant difference between THD; values at the cold and the
stable state. The fifth power supply shows the highest variance of 21%. Both third and fifth SMPS have
a variation of 18 to 19% between cold and stable state. Similarly, the fourth SMPS shows a difference
of 14.8%. Hence, Figure 4 indicates that type 1 SMPS shows a minimal difference in contrast to type
2 SMPS.

25

- n
a1 (=]

THDi difference (%)
o

1 2 3 4 5 6
Power Supply

Figure 4. Histogram of total current harmonic distortion (THD;) difference between cold and stable
state of all power supplies.

To estimate the stability time of power supplies, we have used the curve-fitting approach to the
current harmonic amplitude and phase angle variations over time. An exponential trend curve is
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applied to the current harmonics magnitude, and phase angles up to the 19th harmonic. Equation (4)
is used to calculate the parameters of the trend line using measurement data of the current harmonic
magnitude and phase angle.

_ it
T, =A% e 4 Vstable 4)

Ystable 1S the current magnitude or phase value in the stable state. The delta A; is the difference between
the current harmonic magnitude or phase angle in the cold state and the stable state and calculated by
Equation (5).

Ai = Ystable — Yeold ()

The time constant in Equation (4) T¢ is the time taken by the exponential trend curve to increase
or decrease by the factor e. It is calculated by using Equation (6).
Tfinal — Teotd

Te= 1_1n(1_H7y+ﬂmﬂ ©)

The stability time (Ty,p1.) of the current harmonic magnitude and phase angle is three times of
the time constant (T¢). Figure 5 shows the current magnitude variation of the fundamental and odd
harmonics up to the 19th for the third power supply. The green line shows the measured harmonic
current, and the blue line indicates the applied trend curve. The red dot indicates the time constant,
and the black dot shows the stability time. A similar approach is applied to the phase angles of odd
harmonics up to the 19th, as shown in Figure 6.
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Figure 5. Current harmonic magnitude variation over time for power supply 3.
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Figure 6. Current harmonic phase variation over time for power supply 3.

The difference between the cold and stable values of harmonic current magnitude and phase
angles are more significant for type 2 power supplies. For type 1 power supplies, most of the current
harmonics have less than 1% difference in the magnitude. The maximum difference observed for the
fundamental and 7th harmonic for the first power supply is 1.2%. The power supply 2 shows the
maximum difference of 1.7% for the 11th harmonic. Conversely, the type 2 power supplies exhibit
a noteworthy difference, especially for the higher-order harmonics. The maximum difference was up
to 194% for the 17th harmonic of power supply 3. Table 3 shows the minimum, maximum, and average
deviation of cold and stable current harmonics magnitude for type 2 power supplies. The phase
angle variation between cold and stable state is also less for type 1 power supplies. The first power
supply only shows more than 1-degree variation for the 3rd, 5th, and 7th harmonic. On the other
hand, power supply two shows phase angle variation of more than 1 degree for 15th, 17th and 19th
harmonic. The type 2 power supplies show a significant deviation of phase angles between the cold
and stable state measurements. Power supply three shows less phase angle variation of between
1-2 degrees among all type 2 power supplies. The other power supplies show a variation of 2 to 35
degrees, increasing from low to higher-order harmonics. Although the IEC 61000-3-2 standards do not
define any limits for phase angle variation, the harmonic cancellation depends on current harmonics
phase angles.

Table 3. Difference between cold and stable state current harmonics magnitude for type 2 SMPSs (%).

Current Harmonics Magnitude Difference
F H3 H5 H7 H9 H11 H13 H15 H17 H19

Minimum 0.4 0.1 0.8 23 4.5 7.6 11.8 17.6 26.2 11.1
Maximum 1.6 14 3.7 7.5 13.4 23.8 43.4 88.2 194.7 97.0
Average 0.8 0.6 2.0 52 10.0 17.6 30.0 54.7 105.4 39.9

Harmonics

Figure 7a shows the magnitude stability time for all power supplies from fundamental to the 19th
odd harmonic. Since the variation between cold and stable state magnitude values for type 1 power
supplies is less than type 2, the stability time for type 1 power supplies is also less for most of the
current harmonics. The power supply 1 and 2 have maximum stability time for the fundamental and
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odd harmonics up to the 7th between 20 and 43 min. However, the 11th and 13th harmonic took more
than 60 min to stabilize for the power supply 2. All other magnitudes of current harmonics for these
two power supplies are less than the magnitude stability time of type 2 power supplies.

Magnitude stability time Phase stability time
*  Ps1
Hiox ¢ 0 * ps2 1 H19f T — * :12 i
HI7F % @ * ¢ ¢ $§i~ Hi7F *vk© ¢ ¢ PS3|
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c <
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S Hg * ° . 3
- * T Hop* * « ¢
H7| o ” * .
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H5[ b L3 1
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H3l o xé= 1
H3F * o *x ¢
Fr * a0 .
0 10min 20min 30min 40min 50min 60 min 70 min 0 omin 20min 30min  40min 50 mn 60 min
Time Time

(a) (b)
Figure 7. Stability time of current harmonics for all SMPSs (a) Magnitude (b) Phase.

The stability time for type 2 SMPS is in the range of 20 to 40 min, except for the 17th harmonic
of power supply 3. The stability time of power supply 3 and 6 is quite close for most of the current
harmonic magnitude. Similarly, the stability time of current harmonics magnitude for power supply 4
and 5 also follows the same trend but less than the power supply 3 and 6. Figure 7b shows the plot
for phase angle stability for the odd harmonics for all switch-mode power supplies. Power supply 2
shows the highest value of stability time. For other power supplies, most of the current harmonics
achieved stable phase angles before 35 min, except for the few high order harmonics.

The stability time is independent of the active power of the switch-mode power supplies.
Figure 8 shows the graph of the active power of the power supplies against the stability time for all
current harmonics magnitude up to the 19th harmonic. However, it is interesting to note that power
supplies with high active power have less stability time on average in comparison to the power supplies
with low active power consumption. This trend is more prominent for the higher-order harmonics.

The overall impact of thermal stability on harmonic current estimation could be significant in
the real-time scenario. A similar study had indicated a notable difference for the harmonic current
estimation for light-emitting diode (LED) lamps. The RMS current of LED lamps in a stable state was
significantly different in comparison to the RMS current in a cold state [10].

Stochastic harmonic estimation models are based on the measurement results of the current
harmonics of the electrical appliances. As thermal stability affects the measurement results, it may lead
to a significant error in the harmonic analysis results. Figure 9 shows the percentage difference between
the current RMS calculated at a cold and stable state for each power supply. Power supply 1 and 2 are
type 1, therefore, it shows a small difference of about 1% between cold and stable states. All type 2
power supplies show a significant difference of more than 8% between current RMS values at a cold
and stable state. Power supplies 5 and 6 show the maximal difference of more than 13%. Consequently,
in a real-time scenario with many power supplies operating in an idle or working state, the estimation
of current harmonics would result in an erroneous outcome because of their time-dependent variation.
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Figure 9. Current RMS difference between Cold and Stable state.

5. Conclusions

As the nonlinear loads are proliferating in the grid, the accurate assessment of power quality
problems is becoming vital. The variation in current harmonics for the switch-mode power supplies
has been discussed in this paper. The power supplies are categorized into two groups based on the
filter circuits. The type 1 power supplies contain filtering circuits, while type 2 power supplies are
without filters. The difference between cold and stable state measurements of current harmonics
magnitude and phase angles are more significant for type 2 power supplies contrary to type 1.
The THD; values of SMPS also vary with time until they become stable. The power supplies
without filters show more difference between THD; measurements in the cold state and stable state.
The THD; variation was between 15 to 20% for type 2 power supplies and 0.5 to 1.2% for type 1 power
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supplies. The maximum time taken by power supplies to have stable current harmonics was 85 min.
The absolute difference between cold and stable measurements was more prominent for higher-order
harmonics for power supply without harmonic filters. For power quality estimation in the real-time
scenario where a large number of power supplies have been involved, this difference may result in
a significant error. Therefore, it is recommended to perform power quality measurements when the
power supplies become stable. Future work will include power supplies with more rated power and
other electronics-based equipment to assess time-dependent variation in harmonic emission.

Author Contributions: Conceptualization, M.N.I. and L.K.; methodology, M.N.I,, B.A. and T.V.; validation, A.R.
and M.N.L; data curation, M.N.I. and G.L.D.; writing—original draft preparation, M.N.I. and B.A.; writing—review
and editing, A.R. and G.L.D.; supervision, L.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Estonian Research Council grant PSG 142. This work was financially
supported by Government of Russian Federation, Grant 08-08.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Baghzouz, Y. An overview on probabilistic aspects of harmonics in power systems. In Proceedings of the
IEEE Power Engineering Society General Meeting, San Francisco, CA, USA, 12-16 June 2005; Volume 3,
pp. 2813-2815. [CrossRef]

2. Blanco, A.M.; Yanchenko, S.; Meyer, J.; Schegner, P. Impact of supply voltage distortion on the current
harmonic emission of non-linear loads. DYNA 2015, 82, 150-159. [CrossRef]

3. Singh, B.; Singh, B.N.; Chandra, A.; Al-Haddad, K.; Pandey, A.; Kothari, D.P. A review of single-phase
improved power quality AC-DC converters. IEEE Trans. Ind. Electron. 2003, 50, 962-981. [CrossRef]

4. Thallam, R.S,; Doyle, M.T.; Krein, S.D.; Samotyj, M.].; Mansoor, A.; Grady, W.M. Effect of Supply Voltage
Harmonics on the Input Current of Single-Phase Diode Bridge Rectifier Loads. IEEE Trans. Power Deliv. 1995.
[CrossRef]

5. Pinceti, P,; Prando, D. Sensitivity of parallel harmonic filters to parameters variations. Int. J. Electr. Power
Energy Syst. 2015, 68, 26-32. [CrossRef]

6.  Preece, R.; Milanovic, J.V. Efficient Estimation of the Probability of Small-Disturbance Instability of Large
Uncertain Power Systems. IEEE Trans. Power Syst. 2016, 31, 1063-1072. [CrossRef]

7. Nagamani, H.; Ganga, S. A study of electrical endurance of MPPF capacitors and selection of end-point criteria.
IEEE Trans. Electr. Insul. 1992, 27, 1193-1201. [CrossRef]

8. Cuk, V,; Cobben, J.EG.; Kling, W.; Ribeiro, PF. Considerations on harmonic impedance estimation in low
voltage networks. In Proceedings of the 2012 IEEE 15th International Conference on Harmonics and Quality
of Power, Hong Kong, China, 17-20 June 2012; pp. 358-363. [CrossRef]

9. Li, Z.; Hu, H.; Wang, Y,; Tang, L.; He, Z.; Gao, S. Probabilistic Harmonic Resonance Assessment Considering
Power System Uncertainties. IEEE Trans. Power Deliv. 2018, 33, 2989-2998. [CrossRef]

10. Collin, A.J.; Cresswell, C.E.; Djoki¢, S.7Z. Harmonic cancellation of modern switch-mode power supply load.
In Proceedings of the ICHQP 2010—14th International Conference on Harmonics and Quality of Power,
Bergamo, Italy, 26-29 September 2010. [CrossRef]

11. Key, T.S,; Lai, ].S. Costs and benefits of harmonic current reduction for switch-mode power supplies in
a commercial office building. IEEE Trans. Ind. Appl. 1996. [CrossRef]

12.  Schlichting, L.; Liz, M.; Raizer, A. Power quality related to switched mode power supplies associations.
In Proceedings of the 10th International Conference on Harmonics and Quality of Power, Proceedings
(Cat. No.02EX630), Rio de Janeiro, Brazil, 6-9 October 2002; Volume 2, pp. 760-764. [CrossRef]

13.  Sudheer, M.L. Reduction of radiated emission from offline switch mode power supply. In Proceedings
of the 15th International Conference on Electromagnetic Interference and Compatibility, INCEMIC 2018,
Bangalore, India, 15-16 November 2018. [CrossRef]

14. Acarkan, B,; Erkan, K. Harmonics modeling and harmonic activity analysis of equipments with switch mode
power supply using MATLAB and simulink. In Proceedings of the IEEE International Electric Machines and
Drives Conference, IEMDC 2007, Antalya, Turkey, 3-5 May 2007. [CrossRef]


http://dx.doi.org/10.1109/PES.2005.1489708
http://dx.doi.org/10.15446/dyna.v82n192.48591
http://dx.doi.org/10.1109/TIE.2003.817609
http://dx.doi.org/10.1109/61.400924
http://dx.doi.org/10.1016/j.ijepes.2014.12.030
http://dx.doi.org/10.1109/TPWRS.2015.2417204
http://dx.doi.org/10.1109/14.204871
http://dx.doi.org/10.1109/ICHQP.2012.6381250
http://dx.doi.org/10.1109/TPWRD.2018.2846608
http://dx.doi.org/10.1109/ICHQP.2010.5625422
http://dx.doi.org/10.1109/28.536860
http://dx.doi.org/10.1109/ICHQP.2002.1221530
http://dx.doi.org/10.1109/INCEMIC.2018.8704640
http://dx.doi.org/10.1109/IEMDC.2007.382719

Appl. Sci. 2020, 10, 7806 120f 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chang, G.; Hatziadoniu, C.; Xu, W.; Ribeiro, P; Burch, R.; Grady, W.; Halpin, M.; Liu, Y.; Ranade, S.;
Ruthman, D.; et al. Modeling devices with nonlinear Voltage-current Characteristics for harmonic studies.
IEEE Trans. Power Deliv. 2004, 19, 1802-1811. [CrossRef]

Lai, ].S.; Key, T. Effectiveness of harmonic mitigation equipment for commercial office buildings. IEEE Trans.
Ind. Appl. 1997, 33, 1104-1110. [CrossRef]

Naveed Igbal, M.; Jarkovoi, M.; Kutt, L.; Shabbir, N. Impact of LED thermal stability to household lighting
harmonic load current modeling. In Proceedings of the 2019 Electric Power Quality and Supply Reliability
Conference and 2019 Symposium on Electrical Engineering and Mechatronics, PQ and SEEM 2019, Kardla,
Estonia, 12-15 June 2019. [CrossRef]

Lai, J.S.; Hurst, D.; Key, T. 6 Switch-mode supply power factor improvement via harmonic elimination methods.
In Proceedings of the IEEE APEC '91: Sixth Annual Applied Power Electronics Conference and Exhibition,
Dallas, TX, USA, 10-15 March 1991; pp. 415-422. [CrossRef]

Singh, S.; Singh, B.; Bhuvaneswari, G.; Bist, V. Improved Power Quality Switched-Mode Power Supply
Using Buck-Boost Converter. IEEE Trans. Ind. Appl. 2016, 52, 5194-5202. [CrossRef]

Wang, C.M,; Lin, C.H.; Yang, T.C. High-Power-Factor Soft-Switched DC Power Supply System. IEEE Trans.
Power Electron. 2011, 26, 647-654. [CrossRef]

Bhat, A.H.; Agarwal, P. Three-phase, power quality improvement ac/dc converters. Electr. Power Syst. Res.
2008, 78, 276-289. [CrossRef]

Singh, B.; Singh, S.; Chandra, A.; Al-Haddad, K. Comprehensive study of single-phase AC-DC power factor
corrected converters with high-frequency isolation. IEEE Trans. Ind. Inform. 2011, 7, 540-556. [CrossRef]
Huber, L.; Jovanovic, M. Single-stage, single-switch, isolated power supply technique with input-current
shaping and fast output-voltage regulation for universal input-voltage-range applications. In Proceedings of
the IEEE APEC 97—Applied Power Electronics Conference, Atlanta, GA, USA, 27 February 1997; Volume 1,
pp. 272-280. [CrossRef]

Abe, S.; Yamamoto, J.; Zaitsu, T.; Ninomiya, T. Extension of bandwidth of two-stage DC-DC converter with
low-voltage/high-current output. In Proceedings of the IEEE 34th Annual Conference on Power Electronics
Specialist, PESC "03, Acapulco, Mexico, 15-19 June 2003; Volume 4, pp. 1593-1598. [CrossRef]

Moore, P.; Portugues, I. The influence of personal computer processing modes on line current harmonics.
IEEE Trans. Power Deliv. 2003, 18, 1363-1368. [CrossRef]

Chakravorty, D.; Meyer, ].; Schegner, P.; Yanchenko, S.; Schocke, M. Impact of Modern Electronic Equipment
on the Assessment of Network Harmonic Impedance. IEEE Trans. Smart Grid 2017, 8, 382-390. [CrossRef]
Sharma, H.; Rylander, M.; Dorr, D. Grid Impacts Due to Increased Penetration of Newer Harmonic Sources.
IEEE Trans. Ind. Appl. 2016, 52, 99-104. [CrossRef]

Collin, A.J.; Tsagarakis, G.; Kiprakis, A.E.; McLaughlin, S. Simulating the time-varying harmonics of the
residential load sector. In Proceedings of the International Conference on Harmonics and Quality of Power,
ICHQP, Bucharest, Romania, 25-28 May 2014. [CrossRef]

IEC. IEC TR 61000-Electromagnetic Compatibility (EMC)—Part 3-14: Assessment of Emission Limits for Harmonics,
Interharmonics, Voltage Fluctuations and Unbalance for the Connection of Disturbing Installations to LV Power
Systems; Technical Report; International Electrotechnical Commission: Geneva, Switzerland, 2011.

Singh, S.; Singh, B.; Bhuvaneswari, G.; Bist, V. Power Factor Corrected Zeta Converter Based Improved
Power Quality Switched Mode Power Supply. IEEE Trans. Ind. Electron. 2015, 62, 5422-5433. [CrossRef]
Singh, S.; Singh, B.; Bhuvaneswari, G.; Bist, V.; Chandra, A.; Al-Haddad, K. Improved-Power-Quality
Bridgeless-Converter-Based Multiple-Output SMPS. IEEE Trans. Ind. Appl. 2015, 51, 721-732. [CrossRef]
IEC. Electromagnetic Compatibility (EMC)—DPart 3-2: Limits—Limits for Harmonic Current Emissions (Equipment
Input Current <16 A per Phase); IEC: Geneva, Switzerland, 2019.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TPWRD.2004.835429
http://dx.doi.org/10.1109/28.605754
http://dx.doi.org/10.1109/PQ.2019.8818226
http://dx.doi.org/10.1109/APEC.1991.146205
http://dx.doi.org/10.1109/TIA.2016.2600675
http://dx.doi.org/10.1109/TPEL.2010.2064336
http://dx.doi.org/10.1016/j.epsr.2007.02.002
http://dx.doi.org/10.1109/TII.2011.2166798
http://dx.doi.org/10.1109/APEC.1997.581464
http://dx.doi.org/10.1109/PESC.2003.1217696
http://dx.doi.org/10.1109/TPWRD.2003.813607
http://dx.doi.org/10.1109/TSG.2016.2587120
http://dx.doi.org/10.1109/TIA.2015.2464175
http://dx.doi.org/10.1109/ICHQP.2014.6842846
http://dx.doi.org/10.1109/TIE.2015.2415752
http://dx.doi.org/10.1109/TIA.2014.2331421
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	SMPS Overview
	Measurement Setup
	Results and Discussion
	Conclusions
	References

