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DC microgrid has a promising future for its strong power supply capacity, good controllability, and high effi-
ciency. The power quality of the DC microgrid is one of the core issues of planning, design, operation, and
control. However, due to the zero-frequency characteristic of DC system, its power quality presents new char-
acteristics. This paper analyzes the differences between AC and DC power quality and constructs the DC power
quality index system. The DC harmonic, voltage fluctuation and flicker, voltage sag, voltage unbalances, and
voltage deviations are defined according to the existing literature and standards. Moreover, the correlation
between harmonics and fluctuations, voltage deviations and steady-state unbalances, voltage sags and transient
unbalances are analyzed. Subsequently, the typical cases of the DC microgrids are selected to analyze the gen-
eration mechanism of each power quality phenomenon under different working conditions. According to the
proposed index definition, the quantitative relationship between the indexes and the related parameters is ob-

tained. The simulation cases are built to verify the generation mechanism and index relevance.

1. Introduction

The interconnection and regulation of power supply, load, and en-
ergy storage of DC microgrids are realized in the DC form through power
electronic technology [1]. DC microgrid has the advantages of large
power supply capacity, high reliability, and strong “source to load
adaptability”, which has become a research hotspot worldwide [1-3].
The promotion of DC microgrid requires deepening the top-level design
of voltage-level sequence and typical topological structure, breaking
through basic research such as planning, design and operation control,
protection, and key technologies such as DC transformers and circuit
breakers [2,3]. DC power quality is one of the keys in DC microgrid
planning, design, and operation control that will directly affect the
application and development of DC microgrid technology.

According to the generation mechanism of power quality in the DC
microgrid, the DC power quality phenomenon can be divided into two
categories: steady-state and transient state. The steady-state phenome-
non refers to the continuous power quality disturbance caused by the
fluctuation of load and renewable energy [3]. The transient
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phenomenon refers to the short-term power quality disturbances and
electromagnetic transient phenomena caused by interference of power
network faults, switching operation, and active control [4].

In terms of the steady-state power quality phenomenon, [5] analyzes
the ripple formation mechanism and superposition characteristics on the
DC side of the DC microgrid. The calculation method of unbalanced
voltage in bipolar DC microgrid is given in [6]. [3] discusses the gen-
eration mechanism of bus voltage fluctuation in the DC microgrid. A
method for calculating the DC side harmonic current of a hybrid HVDC
transmission system is proposed in [7], and a filter is designed to sup-
press the DC side low-frequency voltage ripple. In terms of the transient
power quality phenomenon, it is pointed out that 65 % of the power
quality problems in the network are caused by voltage sag [8]. In [9],
the impacts of different grounding faults on the voltage balance of the
DC microgrid are analyzed. [10] points out that voltage sag is usually
caused by short circuit fault in the power grid, which is considered as
one of the main power quality problems. The influence of voltage sags
caused by balanced faults and unbalanced faults are discussed in [11].

It can be concluded that the DC power quality phenomenon has
attracted extensive attention from scholars. However, as the DC power
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Nomenclature Ty the transfer coefficient of K™ harmonic
Zch the characteristic impedance corresponding to the h®
A voltage or current of DC bus harmonic
HRAp h™ harmonic content ratio l the length of DC line
Ay harmonic content Yh the propagation constant corresponding to h'™ harmonic
THDA total harmonic distortion rate Zoh, Yon ~ the reactance and susceptance of the h™ harmonic
Ap RMS value of the h harmonic Vs equivalent voltage of DC bus
Aq RMS value of DC bus voltage or current Ry equivalent resistance of positive, negative, and neutral line
Ts the sampling period Ry, R, equivalent resistance of positive and negative DC loads
Up, Ug the peak and valley values in a sampling period P, P, equivalent power of positive and negative DC loads
Uan nominal DC bus voltage Cyuf Voltage unbalance correlation coefficient between node i
&% voltage fluctuations coefficient and j
Mod%  DC voltage flicker depth Cavi Positive pole voltage deviation correlation coefficient
FI% flicker percentage between node i and j
Pmax> Pavgy Pmin Maximum, average, and minimum luminous flux Cav. negative pole voltage deviation correlation coefficient
values between node i and j
S1, So areas above and below ¢,y Ty the transfer coefficient of i harmonic
e.% voltage unbalance coefficient Zch the characteristic impedance corresponding to the Rt
V., V_  RMS values of positive and negative DC bus voltage harmonic
AU% voltage deviation percentage l the length of DC line
U; the actual measured voltage if i node Yh the propagation constant corresponding to A harmonic
AVgg% DC voltage sag depth Zoh, Yon ~ the reactance and susceptance of the h™ harmonic
ug, u'q  the actual measured values of the DC voltage before and Vs equivalent voltage of DC bus
after the sag Ry equivalent resistance of positive, negative, and neutral line
fi, fe fundamental frequency, carrier frequency Rp, R, equivalent resistance of positive and negative DC loads
m the number of harmonics in the carrier frequency band P, P, equivalent power of positive and negative DC loads
n the number of harmonics in the m™ carrier frequency band Cyuf Voltage unbalance correlation coefficient between node i
UNm the nominal voltage of the AC side and j
U. the amplitude of the carrier voltage Cavi Positive pole voltage deviation correlation coefficient
M the amplitude modulation ratio between node i and j
Sa Sp, S Switching function of VSC Cav_ negative pole voltage deviation correlation coefficient
Im1, Im2, Imo  the amplitudes of the positive, negative and zero between node i and j
sequence components Ty the transfer coefficient of K™ harmonic
@1, 92, o the amplitudes of the positive, negative and zero sequence Zch the characteristic impedance corresponding to the hth
current phases harmonic
ide DC side current l the length of DC line
u Instantaneous DC voltage Yh the propagation constant corresponding to h™ harmonic
Uqo DC component of DC bus voltage Zoh, Yon ~ the reactance and susceptance of the h™ harmonic
U, to U, RMS value of 1st to n™ voltage harmonic Vs equivalent voltage of DC bus
@1 t0 ¢, initial phase angle of 1st to n® voltage harmonic

quality index system has not been established, there are some problems
in the above literature, such as inconsistent concepts and unclear defi-
nitions. For example, [5] divides the ripple on the DC side into 1st, 2nd,
and k™ ripples according to the power frequency and its multiples. Be-
sides, the expression of the ripple content and the total ripple distortion
rate are defined. This is the same as the definition of DC harmonic in the
IEEE DC transmission standard [12], but it does not explain the differ-
ence between DC ripple and DC harmonic. In [13-15], the suppression
methods of the second harmonic current of the converter are proposed.
However, the papers adopt the term “voltage/current ripple” for the
description of DC harmonics and do not consider the relationship be-
tween ripple and harmonics. At the same time, [16] classifies the “DC
ripple” caused by power grid harmonics and imbalance as oscillatory
voltage fluctuation. [17,18] both use “ripple” to define the AC compo-
nent in the DC bus voltage, while [19,20] define it as “harmonic™. [21]
proposes a harmonic suppression strategy for DC distribution systems
based on hybrid DC electric spring (DC-ES). However, there is no clear
definition of the ripple and harmonics mentioned in the article. It can be
concluded that the definitions of harmonics, fluctuation, and ripple in
the existing literature are inconsistent, and the correlation has not been
investigated. The inconsistency of this definition makes it difficult to
carry out standardized management of power quality or standardized

production of electrical equipment.

The above references have different interpretations for the same
phenomenon which also appears in the definition and correlation
analysis of voltage deviation, voltage sag, and voltage unbalance. [22]
studies the limitation of DC voltage deviation of DC microgrid but does
not analyze the difference between voltage deviation and voltage sag.
[23] mentions that when the DC load switching, the low-frequency
flicker of the bus voltage will be caused in the DC grids. However, the
mechanism of low-frequency voltage flicker has not been analyzed in
depth, nor has it explained the difference between DC voltage flicker and
AC voltage flicker. The method of stabilizing the DC voltage deviation
and voltage unbalance coefficient is discussed in [24], and a voltage
regulation strategy based on system impedance parameter identification
is proposed. Furthermore, the correlation between voltage deviation and
voltage unbalance coefficient is also considered. However, the DC
voltage deviation and voltage unbalance coefficient are not defined as
indicators, and the DC power quality system is not established in [24].
The unification of classification and definition of DC power quality
phenomena is the basis for carrying out relevant work, which is of great
significance for the popularization and application of DC microgrids.

To solve the above problems, this paper studies the definition and
power quality index system of the DC microgrid. The contributions of
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Fig. 1. Typical DC microgrid structure: (a) unipolar DC microgrid, (b) bipolar DC microgrid.
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Fig. 2. Index system of AC and DC power quality: (a) AC microgrid, (b) DC microgrid.

this study are as follows:

1) The differences between AC and DC power quality phenomena are
analyzed. On this basis, the different power quality phenomena are
defined according to existing references or standards, and the DC
power quality index system is established.

The correlation between different DC power quality phenomena is
analyzed, and the importance of the DC power quality index system
in measurement, standard valuation, and index limitation are
elaborated.

The typical cases of DC microgrid are selected to analyze the gen-
eration mechanism of power quality phenomenon and the calcula-
tion method of indicators under different working conditions, and
the correlation between indicators is verified through simulation
cases.

2

—

3

—

The remaining structure of this paper is as follows. Section 1 presents
the DC power quality and related analysis. Section 2 discusses DC
voltage harmonics and fluctuations. In Section 3, DC voltage imbalance
and DC voltage sag are analyzed. Section 4 shows the simulation and
experimental results about power quality in the bipolar DC microgrid.

Section 5 is the summary of this paper.

2. DC power quality index system and the correlation analysis
2.1. Power quality index system of DC microgrid

According to the DC bus frames, DC microgrid is classified into two
categories: unipolar (two wires) and bipolar (three wires) DC bus design
[25], as shown in Fig. 1(a and b), respectively. Unlike a unipolar DC
microgrid, a bipolar structure adopts two different voltage levels. Uti-
lizing a bipolar DC topology efficiently reduces power conversion while
increasing overall efficiency [26]. To better utilize the DC power grid,
the bipolar topology is possible to combine DGs, green buildings, and
EVs more flexibly [27]. Like a three-phase AC system, a bipolar DC
microgrid increases the system stability due to the separate operating of
the two poles [28]. Furthermore, the other two lines can maintain the
regular operation of the system even if one of the DC buses fails [29].

In general, the AC system is connected to the DC microgrid through
an AC/DC converter. However, when the power supply inside the DC
microgrid is sufficient, the AC system will be isolated so that the DC
microgrid operates in an island mode. Therefore, DC microgrid will be
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connected to an AC system, DC system or just a stand-alone microgrid. In
high-voltage level DC systems, the operating characteristics of the sys-
tem are relatively stable, for example, the bipolar load is generally
balanced. Therefore, the power quality problem of high voltage level
scenarios is not much concerned. However, the indicators and correla-
tions defined or analyzed in this study are independent of voltage levels.

Compared with the AC microgrid, the DC microgrid does not need to
consider frequency and power-angle stability. Besides, the DC microgrid
avoids the mutual coupling between active power and frequency, and
reactive power and voltage in the AC system. Besides, the operation of
DC microgrid can be realized by controlling DC bus voltage [23].
Therefore, the power quality of DC microgrid present new characteris-
tics due to its zero-frequency characteristics, as shown below:

1) When the DC microgrid is connected to the AC system through an
AC/DC converter, the disturbance of the AC system has a great
impact on the power quality of the DC microgrid. For example, the
fault of the AC system will cause a large fluctuation of DC bus voltage
[9], the imbalance of AC voltage will cause a low-frequency har-
monic of DC voltage through DC converter, and AC single-phase
devices will introduce second harmonic components that superim-
pose on the DC component [30].

The power fluctuation of distributed generations (DGs) and DC loads
(such as electric vehicles) lead to the voltage fluctuation of the DC
microgrid being much higher than AC microgrid [9].

In addition, the response time of DC load to DC power quality
disturbance is smaller than that of the AC microgrid. A small
disturbance may cause sensitive DC loads unable to work normally,
resulting in large economic losses.

2

—

3

—

At present, the research on DC power quality has not been fully
investigated, and its definition and classification have not been unified.
In addition, the relevant DC power quality standards have not been
formed [31]. Therefore, it is necessary to refer to the power quality
index system of the AC microgrid and consider the differences between

AC and DC systems. Moreover, the phenomena of DC power quality need
to be classified, defined, and established. Finally, a power quality index
system of the DC microgrid should be built. The AC power quality index
system is shown in Fig. 2(a) [32].

According to the existing literature, DC power quality phenomena
include voltage fluctuation and flicker [33,34], voltage harmonics
[19,20], voltage sag and short-term interruption [10], voltage imbal-
ances [25], voltage deviation [22]. The voltage imbalance mentioned in
this study is for the bipolar DC microgrid, which can be divided into
transient imbalance and steady-state imbalance. Compared with the AC
power quality index system, since the DC microgrid has no frequency
and phase-angle problems, the DC power quality index system is divided
into harmonic distortion and voltage quality. The specific indexes of
each power quality phenomenon are given in [30,35], and the power
quality index system of the DC microgrid is shown in Fig. 2(b).

2.2. Correlation analysis of power quality indexes in DC microgrid

Fig. 3 compares the multi-time scale and broadband distribution
characteristics of AC and DC power quality events from the character-
istic parameters of amplitude, frequency, and disturbance time. Ac-
cording to the characteristic parameters of power quality events in DC
distribution networks, power quality problems can be divided into
transient and steady state [36].

Transient events have the characteristics of large amplitude change
and short-term disturbance, which are caused by power grid fault,
switch operation and control system disturbance [37], such as voltage
sag and voltage swell; Steady-state events have the characteristics of
small amplitude change and continuous emission, which are caused by
fluctuation of load, renewable energy and exchange power change of
contact points in multi-level power grid [38], such as voltage imbalance,
voltage deviation, voltage fluctuation and harmonics.

The power source, network, and load are the basic components of the
DC microgrid. Their continuous emission and short-term disturbance
will lead to corresponding steady-state and transient power quality

| Power quality phenomenon

| | The disturbance events ‘

DC Harmonics

¥ Coupling

Voltage fluctuation and flicker

Voltage deviation

4 Coupling

| Stable voltage unbalance

Transient voltage unbalance

————————————————————————————————— e
; l h—;—‘ Switching operations |
I 4 Coupling i
|

Voltage sag and interruption

AC or DC fault |

Fig. 4. Correlation of DC power quality indexes.
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problems. DC voltage harmonics and fluctuations are caused by equip-
ment attributes such as modulation characteristics of pulse width
modulation (PWM) converter and line-commutation converter (LCC)
[5]. Besides, the randomness and uncertainty of power consumption of
DGs, and DC load will also lead to voltage fluctuations and harmonics.

Steady-state voltage imbalance is caused by unbalanced load distri-
bution at two poles, and voltage deviation is caused by line voltage drop
[22]. They can be classified as steady-state phenomena. The DC voltage
sag [10] and transient voltage imbalance [9] caused by short-term dis-
turbances such as DC faults, equipment switching, and external impact
belong to transient phenomena. Due to the zero frequency characteris-
tics of DC voltage and the structure of the DC microgrid, there are
coupling characteristics between harmonics and fluctuations, and the
coupling also exists in voltage deviation and steady-state voltage
imbalance. In addition, there is also a coupling relationship between
voltage sag and transient voltage imbalance under the same disturbance
in the bipolar DC microgrid. The correlation between different power
quality phenomena is shown in Fig. 4.

It can be seen from Fig. 4 the difference between AC and DC power
quality phenomenon is prominent. Moreover, the correlation between
the various indicators is significantly enhanced which reflects the dif-
ference. Therefore, the correlation analysis is the basis of understanding
and solving the DC power quality problems.

1) When formulating the DC power quality standards, it is necessary to
deal with specific application scenarios or voltage levels. According
to the correlation between different indicators, the corresponding
evaluation can be reduced to realize the consolidation and simplifi-
cation of indicators. In a low-voltage DC microgrid, the ripple coef-
ficient is adopted instead of the concept of harmonic to evaluate DC
voltage fluctuation [39]. However, with the improvement of DC
microgrid voltage level, the concept of ripple cannot fully describe
DC power quality. For the medium voltage level in the DC microgrid,
the application of a power quality index system including harmonics
is consistent with the academic definition of the AC microgrid. This is
not only conducive to the development of relevant work but also
effective to the transfer of research results of AC power quality to DC
power quality.

2) The correlation between various indexes of DC power quality is an
important basis for formulating index limitations. For a specific
application scenario, any power quality exceeding the standard may
have an adverse impact on the normal operation of the system or DC
load. Therefore, the formulation of the limit value shall meet the
limitation range of the related indicators at the same time. For
example, in a bipolar DC microgrid, if the voltage deviation of one
pole is within the limitation, the voltage unbalance coefficient may
exceed the standard and these two indicators are mutually restrictive
[31].

3. Definition of DC power quality index
3.1. DC harmonics

The scholars still adopt the terms such as ripple [17,40], fluctuation
[9,41], pulsation [7,42] to describe the AC components in DC voltage.
DGs and loads in the DC microgrid are connected through power elec-
tronic devices, so the DC bus contains modulated harmonics [43,44]. In
addition, the three-phase imbalance of AC voltage and single-phase AC
loads will produce even-order harmonics and low-frequency harmonics
on the DC side [20]. Consequently, DC harmonics exist in different
frequency bands and have their own characteristics, so the concept of
“harmonic” should be introduced to describe them.

In this paper, the periodic AC component superimposed in a constant
DC voltage or current is defined as DC voltage harmonic or current
harmonic. To measure the voltage or current harmonic content, HRAp,
Ap, and THDA are defined [45], and the expressions are shown in Eq.
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(1.
Al
HRAq =~ x 100%
Adc
An= 4[> (@A) m

h=1

THDAy = An

Adc

Where HRA4. and THDAy. represent DC harmonic distortion and DC
total harmonic distortion (THD), respectively. Ay, represents the ampli-
tude of the harmonic component with a frequency of h and Aq. repre-
sents the amplitude of the DC component.

It’s important to note the differences between AC and DC Harmonic
distortion. AC harmonic distortion refers to the distortion that exists
between the harmonic components, beyond the fundamental frequency,
and the ideal sinusoidal waveform in AC current or voltage waveforms.
This distortion is calculated using the formula presented in (2).
Conversely, DC harmonic distortion pertains to the distortion between
the harmonic components, beyond the DC component, and the ideal DC
voltage or current waveform. The fundamental distinction between AC
and DC Harmonic distortion lies in the reference quantity used for
calculation. In AC Harmonic distortion, the reference amplitude is that
of the fundamental frequency (e.g., 50 Hz or 60 Hz), while in DC Har-
monic distortion, the reference amplitude is that of the DC component
(0 Hz). This fundamental difference in the definition and respective
calculation formulas of AC and DC harmonic distortion also leads to
their total harmonic distortion (THD) calculations, as indicated in Eq.
2.

A

HRA, = x 100%

fun

@

Harmonics can indeed have adverse effects on equipment perfor-
mance, efficiency, and overall system stability in DC systems. These
effects can be specified in the following ways:

e For energy storage batteries within a DC system, harmonics can lead
to an increase in the peak-to-peak current flowing into the batteries.
When this exceeds 8 % of the rated current, it not only reduces
battery efficiency but also causes damage and shortens their lifespan
[46].

e In DC systems with a significant presence of power electronic de-

vices, harmonic can result in wasted converter capacity and impact

the lifespan of power electronic components [47]. This phenomenon
increases the current stress and conduction losses of switching de-
vices, leading to decreased converter efficiency. If soft-switching
techniques are employed in DC/DC converters, harmonics can
further limit the soft-switching range, leading to increased switching

losses and decreased conversion efficiency [48].

Concerning photovoltaic (PV) power generation, harmonics affect

the implementation of maximum power point tracking (MPPT),

causing output power to oscillate around the maximum power point

[49,50]. This, in turn, reduces the efficiency of solar energy

utilization.

For electric devices, harmonics can result in increased noise and

vibration in electric motors, thereby reducing their efficiency and

lifespan. Additionally, harmonics can lead to LED flicker [51].

These effects underscore the significance of addressing harmonic
distortion in DC systems and emphasize the importance of comprehen-
sive harmonic analysis and mitigation strategies in such systems.
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3.2. DC voltage fluctuation

The equivalent model of a DC power supply system is not an infinite
power source, so the fast and continuous change of the source and load
power in a DC microgrid will cause the fluctuation of DC voltage. It is a
continuous change within a certain range of amplitude fluctuations
under the premise of system stability. The DC voltage oscillation caused
by the disturbance and resonance of the control system is different from
the voltage fluctuation [52]. To evaluate the impact of voltage fluctu-
ation on DC load, the index of DC bus voltage fluctuation needs to be
further defined [53]. A DC voltage waveform is obtained by simulation
as shown in Fig. 5. The derivative of this waveform is obtained to
describe the number of voltage variations by obtaining positive and
negative derivatives for each extreme point and for different intervals.
As shown in Fig. 5, the DC bus voltage fluctuations can be assessed by
the fluctuation frequency, the rate of voltage change, and the amplitude
of fluctuations during the sampling period. Subsequently, the amplitude
of voltage fluctuations coefficient can be further expressed as:

— A
6% =" " o 100% = 21 % 100% 3
aN Usn

where Ugy is the rated voltage of the DC bus which is corresponding to
the DC voltage level of the measuring point.

For illuminating equipment, in addition to (3) which can be used to
assess the fluctuation of the DC bus voltage, an additional metric,
namely flicker, can also be employed as an indicator for the evaluation
of DC bus voltage fluctuations. The human visual response to unstable

International Journal of Electrical Power and Energy Systems 156 (2024) 109782

light illumination caused by voltage fluctuations is called flicker [27],
which is similar to the flicker problem in AC power distribution. The
flicker severity is related to the voltage fluctuation factor and the type of
driving circuit. Due to the essential difference between AC and DC sig-
nals and the difference of LED drive transfer function, the flicker phe-
nomenon in DC power quality needs further study. AC signal is related to
flicker through inter harmonics, while low-frequency signal in DC bus is
directly transmitted to LED which makes flicker more prominent. IEEE
standard PAR1789 [54] recommends adopting flicker depth Mod% (also
known as modulation depth) and flicker percentage FI (also known as
modulation rate) to assess the severity of LED flicker. The relevant
physical quantities are shown in Fig. 6. Fig. 6(a) shows the variation of
LED luminous flux over a period. ¢max, $avg and ¢min is the maximum,
average, and minimum luminous flux values, respectively. S; and Sy are
areas above and below ¢,yg, respectively. Fig. 6(b) is the limitation
range for Mod% for signals of different frequencies, which is classified as
safe, low-risk, and not allowed. The physical meaning of Mod% is the
ratio of ¢max-Pmin 10 Pmax + Pmin during the sampling period. The FI is
the percentage of the ratio of the area that exceeds the average luminous
to the total area flux in the region.

Mod% — % % 100% )
FI% = —5' « 100% (5)
0 = 3 S, 0

3.3. Analysis of single-phase AC loads and DC voltage harmonics

For the incorporation of single-phase AC loads into the DC microgrid
system, a schematic representation is depicted in Fig. 7. In this figure, v,
and i, represent the voltage and current of the single-phase AC load,

‘ o \:7+ DC loads
8 tco— i '
N - VSC
. ] i |
AC grid ; =iy |
= 7
iy Single phase
++-v J_ AC loads

Fig. 7. Topology diagram for DC voltage harmonics analysis including single-
phase AC loads.
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Fig. 8. The voltage waveform and Fourier analysis at the input side of the DC/AC converter.

while vq4. and iq. denote the voltage and current on the DC side.

Assuming that the voltage of the single-phase AC load follows an
ideal sinusoidal waveform, the voltage and current of the single-phase
AC load can be expressed as:

{ vo = Vosin(w,t) ®)

iy = Iosin(w,t — @)

Here, V, and I, are the amplitude of the single-phase AC load voltage
and current, o, represents the angular frequency of the output voltage,
and ¢ signifies the impedance angle of the single-phase AC load.

Based on the equations above, the instantaneous output power p, of
the DC/AC converter can be calculated as:

Do = Voo = %VUIOCOS(p - %Vl,lucos(ZaJut —9) 7)

From, it is evident that the instantaneous output power p, of the DC/
AC converter comprises two components: a DC component and an AC
component with an angular frequency of 2w,. Assuming that the
instantaneous input power pj, of the DC/AC converter is equal to the
instantaneous output power p,, the input current i;, of the DC/AC con-
verter can be expressed as:

_ Pin _ Volu VOIU

fn = Vdc B 2Vdc oS 2Vdc

cos(2wot — @) = Ise + fana ®

Consequently, the input current of the DC/AC converter also con-
tains an AC component with an angular frequency of 2w,, which cor-
responds to the second harmonic component.

To validate the generation of second harmonic components by
single-phase AC loads, a model as shown in Fig. 7 was constructed. The
simulation results of the voltage and current at the input side of the DC/
AC converter are displayed in Fig. 8. From the figure, it is evident that
the input voltage at the inverter’s input side, despite being nominally at
380 V, exhibits a noticeable superposition of the second harmonic
component, consistent with theoretical analysis. In addition to the sec-
ond harmonic component, there are also integer multiple harmonics of
50 Hz present.

3.4. DC voltage unbalance

In bipolar DC microgrid, the positive and negative voltages are not
independent of each other. DGs power fluctuations, load imbalances,
and asymmetric disturbances at the poles will cause unbalance average
voltage, which can result in an unbalanced current on the neutral line
and increase the loss of the feeder and grounding conductor. To assess
the severity of positive and negative bus voltage imbalance in a bipolar
DC microgrid, the concept of voltage unbalance coefficient needs to be
defined. In [29], the voltage unbalance coefficient is expressed as:

u(r)A Voltage sag
ud — . P

Fig. 9. Schematic diagram of voltage sag and interruption.

V.- v |

u7 =S e v\
G =05V, 1 V)

x 100% ©)

3.5. DC voltage deviation

Voltage deviation of DC microgrid is a basic index to measure the
power quality. The voltage deviation is generally expressed as a per-
centage of the voltage deviation value to the nominal voltage of the
system, and the expression is as follows:

Ui — U

AU% = ——5 1
U% Un (10)

Voltage deviation is mainly related to factors such as wire diameter,
power supply distance, power flow distribution, and capacity, load
power characteristics of electric energy transmission. The essence of
voltage deviation is caused by the voltage drop generated on the internal
resistance of the current flowing through the transmission network.
Unlike the voltage drop generated by the AC power supply, the DC
voltage drop is only related to conductor resistance [22].

3.6. DC voltage sag

Voltage sag is one of the typical power quality phenomena of the DC
microgrids. DC buses short-circuit, micro-source power sudden change,
DC load switching, and large power grid disturbance can cause DC
voltage sag or interruption. The diagram of the DC voltage sag is shown
in Fig. 9. It can be seen from Fig. 9 that the two most important features
are the sag amplitude ug,g and the duration t; Different voltage levels
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Fig. 10. Topology diagram for DC voltage harmonics analysis.

have different limitations on the sag duration and amplitude [55].
Compared with the AC grid, the loads in the DC microgrid are more
sensitive to sudden voltage changes. Therefore, the requirements for
voltage sags on the DC bus are more stringent. The sag depth AV;,3% can
be introduced to evaluate the severity of the voltage sag, and the
expression is shown in Eq. (11),

AVie% = % x 100% = % x 100% an

dN dN
4. Correlation analysis and cases study
4.1. DC voltage harmonics analysis

Here, we take the harmonic characteristics of voltage source con-
verters (VSC) as an example to analyze. The SPWM switching function of
phase voltage is expanded by double Fourier serial, and the expansion
includes three harmonic types:

1) Fundamental harmonic and fundamental band harmonic.

2) Carrier band harmonic: mf. (n = 0, m = 1,2,3,---).

3) Harmonics from carrier: mf. + nf; (m # 0 , n # 0). When there is a
three-phase imbalance on the AC side of the VSC, the negative
sequence component will cause an increase in the low-frequency
component of the DC side. The low-frequency model of the switch-
ing function [5] is:

cos(wt)
S, 2z
Sb -M cos(a)t — ?) (12)
S
¢ 2
cos(wt + ?’[)

Then the expression of the phase A current formed by each sequence
component is:

iy = Imcos(wt — @) + Lipcos(wt — @,) + Lpcos(wt — @) (13)
DC side current meets:
Salia + Spip + Sei. 3
i = % = ZM[I,,,lcosga1 + Lpcos(2wt — ¢,)] 14)
M Positive voltage B Negative voltage
; 0.1
1.2 | = Neutral current ! Load switching
N W L
31_1 V./V\w,\ V/\VA\IA"W 1 \ 0 9
(5]
§ 01%
0.9 h =
)
L A Ao -0.2
08 E“ A vy \)\j
0.5 1 1.5 2
Time/s
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It can be seen from Eq. (14) that: 1) the zero-sequence component of
AC side current does not affect the harmonic distribution of the DC side
current; 2) The instantaneous value of DC current is not only related to
the amplitude of each sequence current but also related to their phase; 3)
The negative sequence component of AC current is the main reason for
the double frequency power fluctuation on the DC side.

The validation of the DC harmonic distribution rule is conducted
utilizing the topology depicted in Fig. 10. The influence of harmonics in
the bipolar DC grid is present in Fig. 11. The carrier ratio of PWM is set
as 27 and the output of the PWM converter is served as the harmonic
measurement point. Subsequently, the three-phase AC side voltage un-
balance coefficient is set to 0 % and 2 %, respectively. The simulation
results are shown in Fig. 12. When the three-phase voltage is balanced,
the harmonics at the DC side are mainly the switching order and LCC
harmonics. In addition, Fig. 12 presents that when the three-phase
voltage is unbalanced, the harmonics on the DC side are mainly low-

= Balanced three-phase voltage

Unbalanced three-phase voltage

Harmonic number/n

—_ N W

i

0 0204 06 08 1 12 14 16 18 2
Harmonic content/%

Fig. 12. DC side harmonic distribution under different conditions.

m Calculation results
e

10 ™ Simulation results

Fluctuation coefficient/%

(= ) e )

2 3
Harmonic distortion rate/%

Fig. 13. Relationship between harmonic distortion rate and fluctua-
tion coefficient.

B Positive voltage ™ Negative voltage

m Neutral current | Load switching |
1

Voltage/pu
ndauamn)

(b)

Fig. 11. Influence of harmonics in bipolar DC power network when switching the (a) positive load and (b) negative load.
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Fig. 14. Harmonic distortion rate and voltage fluctuation coefficient change
with phase angle.

frequency harmonics, and the simulation results are consistent with the
analysis.

By changing the voltage unbalance coefficient of three-phase voltage
in the simulation model, the THD value of DC voltage is obtained by FFT
tool. At the same time, the voltage fluctuation coefficient can be
calculated according to Eq. (3). 10 groups of data are recorded to obtain
the fitting curve y; of the relationship between harmonic distortion rate
and fluctuation coefficient. It is assumed that the first harmonic content
remains unchanged at 0.4 %, and the second harmonic content changes
from 0.4 % to 4 %. 10 groups of harmonic distortion rate and fluctuation
coefficient values are recorded to obtain the fitting curve ys Fig. 13
presents the fitting curves of y; and y». The harmonic distortion rate is
approximately proportional to the voltage fluctuation coefficient and
the simulation value is close to the calculated value in Fig. 13.

4.2. The correlation between harmonics and fluctuation

The harmonics on the DC side directly lead to the change of DC
voltage amplitude, which can be regarded as the distortion of the DC
voltage waveform and can be described by the change of the amplitude.
For the DC voltage waveform, the instantaneous value u can be
expressed as:

U= Ugp +V2Usin(@t + ¢,) + -+ V2U,sin(nat + ¢,) =f(U,p) (15)
where U = [Ugo, Uy, Uz, Unl"; @ = [1, 92, 9 n]; It can be seen from
Eq. (15) that the instantaneous value of the DC side is a function of the
RMS value of each harmonic and the initial phase angle. When t<(T, t +
T), the voltage fluctuation coefficient can be expressed as:

_ maxf(U, ) — minf(U,p)

)
Uan

(16)

Egs. (15) and (16) present that the total harmonic distortion rate of
voltage (THDV) is only related to the amplitude of the harmonic voltage.
While 6 is related to the initial phase angle of the harmonic. Setting the
DC side only contains 1st and 2nd harmonics; U; and U; are 100 V and
50 V, respectively; Ugp = Ugny = 400 V, and the initial phase angle
changes from 0° to 360°. According to Eq. (15), a three-dimensional
curved surface of THDV and 6 changing with phase angle can be ob-
tained, as shown in Fig. 14. When the phase angle changes uniformly,
the amplitude of § changes periodically. It shows that the average value
will fluctuate slightly, and the distribution of the maximum and mini-
mum value meets a certain law. When the DC side contains 1st to n
harmonics and the superposition of each harmonic has no obvious
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regularity,

The harmonic transfer coefficient between any two nodes in the DC
microgrid is a function of harmonic order and line length, which is
shown in Eq. (17). The transmission law of DC harmonics between two
nodes can be obtained by substituting the line parameters in the DC
microgrid, as shown in Fig. 15. With the increase of line length between
nodes, the harmonic transfer coefficient has attenuation effect. Lower
harmonics are easier to be transmitted than higher harmonics. Fig. 17.

Z
T, = cosh(y,l) — leinh(yhl)
Ch

Zcn = \Zon/Yon
Yh = ﬁh +jah = /ZonYon

Zy = Zeptanh(y,,l)

a7)

4.3. Unbalanced voltage analysis

In order to further analyze the quantitative relationship between the
bipolar unbalanced load and voltage unbalance coefficient, the equiv-
alent model as shown in Fig. 16 is adopted. Then the positive and
negative load voltages and voltage unbalance coefficient caused by the
positive unbalanced loads are deduced. When resistance types are CRL
and CPL respectively, the three-dimensional graphics of positive and
negative load voltages, voltage sag depth, and voltage unbalance coef-
ficient are similar. Therefore, this part only presents the three-
dimensional diagram with the load type CPL.

According to, AVsag% for CRL and CPL are respectively shown in Egs.
(18) and (19), respectively:

AV % _ RLd _ (RLdHAR)(SRL + RLd) (18)
e RL+Ria 2Ri(Ria||AR) + 2R Riq + (Rig||AR)RLs + 3R}
Rig o 8(PLa+AP)RL
Angg% _ Ri+Riq 'S —x[,+V\/x§732RL(PLd+AP) 19)

where x, =3V, —/ VS2 — 4R P14. The three-dimensional graphics of the

voltage unbalance coefficient and the positive sag depth varies with line
resistance and CPL increment can be obtained from reference [56] and
Eq. (19), as shown in Fig. 17.

In the simulation model shown in Fig. 16, the positive and negative
poles are respectively connected to three groups of CRL. At the stage of 0
s-0.1 s, the positive and negative loads are balanced. Subsequently, the
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Fig. 16. The basic structure of the bipolar DC grid with (a) CRL and (b) CPL.
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Fig. 18. Positive and negative voltages and neutral current changes with pos-
itive load input.

CRL is input at the positive every 0.1 s to measure the change of positive
and negative voltage, as shown in Fig. 18. The voltage drop will be
caused when the load is put into the positive pole. As the neutral current
produces a voltage drop on the neutral line, the negative voltage will
have arise. It can be seen from the simulation results that every time the
load is put on, the voltage drop of the positive pole is approximately 7.5
V, the voltage of the negative pole rises about 4 V, and the voltage un-
balance coefficient is 2.3 %. The relationship between the positive
voltage sag and the voltage unbalance coefficient is taken as an example,
it is clear that the relationship is approximately proportional.

4.4. The correlation between transient unbalance and voltage sag

Increasing the allowable voltage deviation of the DC microgrid can
increase the power supply radius and power supply range. However,
allowing too much voltage deviation will increase the difficulty of
converter design and control, and improve the requirements for equip-
ment safety and insulation. Therefore, the voltage deviation of DC
microgrid should be limited within a reasonable range. In the bipolar DC
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microgrid, the correlation between DC voltage deviation and voltage
imbalance needs to be considered, so the allowable range of DC voltage
deviation needs to be reinvestigated.

According to the definition of voltage unbalanced coefficient and
voltage deviation coefficient, the correlation between these two in-
dicators is expressed as Eq. (20). When AU;;% and AU;% vary from
—1% to 1 %, the variations of ¢,;% is shown in Fig. 19. There is a sig-
nificant correlation between voltage deviation and voltage unbalance.
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|AU % -— AU \% |

€l = T (AUNG + AULE

)

1+ 24U \%

100% = ={ 1— AUN%
e T+ (AU + AU ) o
> AU \% 0 . AULN%
1+ AU \%
= AU \% 1 — h - ), AUN% < AU \%

1+ (AU\% + AU\%

(20)

In multiple nodes, the correlation between voltage deviation and
voltage imbalance can be obtained by power flow calculation model. In
this paper, the ratio of £,% and AU% of nodes i and j are respectively
defined as the correlation coefficient of unbalanced voltage and voltage
deviation, so as to reflect the correlation between any two nodes in DC
microgrid, as shown in Eq. (21).

The power flow calculation method in [57] is adopted to obtain the
relations between voltage imbalance and voltage deviation in DC
microgrid, as shown in Fig. 20. The load power at positive pole of node 1
changes and observe the voltage deviation and voltage imbalance of
other nodes. As shown in Fig. 20, unbalanced voltage, and voltage de-
viation of Cayy and Cyyf in multi-node DC microgrid has attenuation
effect. However, the variation of C,y._ is related to the parameters of the
network and the distribution characteristics of the load.

gui%
Coy =
T e AU on
e AU T AU
INC AULN%

The simulation model of the bipolar DC microgrid is established with
the negative fault and impact of positive load switching respectively,
and the simulation results are shown in Fig. 21. The voltage and current
in the figure are expressed in the unit values. It can be seen from Fig. 21
that under asymmetric disturbance, the positive and negative voltages
are coupled with each other, and the voltage sag of one pole will cause
voltage imbalance at the same time.

5. Conclusion

Combined with the existing literature and standards, this paper
constructs the DC power quality index system and defines each DC
power quality index, which can provide a reference for the subsequent
formulation of relevant power quality standards. There are obvious
correlations between voltage harmonic and fluctuation, voltage devia-
tion and steady-state imbalance, voltage sag, and transient imbalance. It
is an important basis for formulating DC power quality evaluation
standards and index limits. This paper points out that according to the
correlation between indexes, different power quality index sets can be
selected for different applications to evaluate DC power quality. The
paper also combines typical DC microgrid cases, derives the quantitative
relationship between indicators and related parameters based on the
definition of indicators, analyzes the generation mechanism of DC
power quality, and verifies the correlation between power quality
indicators.
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