Impact of Control Systems on Power Quality at Common DC Bus in DC Grid
Mohamad Habibullah, N. Mithulananthan, Firuz Zare, Rahul Sharma
School of Information Technology and Electrical Engineering, The University of Queensland, Brisbane, Australia
m.habibullah@uq.edu.au, mithulan@itee.uq.edu.au, f.zare@uq.edu.au, rahul.sharma@uq.edu.au
Abstract - DC microgrid is becoming very popular
because of its easy and cost-effective interface with
renewable resources and extensive use of power electronics
(PE) loads in daily life. Nevertheless, this emerging
technology poses significant challenges in terms of energy
management, stability, and power quality. Power quality
deteriorates mainly in the grid due to the presence of
harmonics condition. Due to the harmonics yielding from
power electronic devices, maintaining power quality in DC
grids is a challenging task. A similar issue is well
investigated in the AC power system but is yet to be fully
investigated in DC grid. To this end, this paper investigates
the impact of control systems on the power quality in the
common DC bus of a DC grid. To do so, first, a small-scale
DC microgrid is considered and three methodologies
including impedance scanning, fast Fourier transform (FFT)
analysis, and time domain simulation are applied. Second,
the impact of disturbances on power quality in DC Bus is
explored. Finally, a mitigation technique based on the LQR
approach is proposed. Through case studies, it is shown that
the outcome of this research can potentially be used for
modeling LVDC grid, reduction in energy consumption and
CO2 emissions.

Besides, different types of controllers are being used for
the robustness of the power system. Recently, there has
been a large number of studies that focused on the
application of power electronics devices in DC network.
These studies can be divided into three general categories.
1) DC bus voltage stability 2) Effect of Constant Power
Load (CPL) and negative incremental resistance in DC
grid 3) Voltage standardization. Among these technical
challenges, stability is a prominent factor and which is
extensively analyzed in [4, 5]. There are mainly three
types of stability namely, voltage stability, frequency
stability, and rotor angle stability could be seen in power
systems [6, 7]. Besides, as power electronics devices have
extensively used in DC and thereby two types of
oscillation namely high-frequency oscillation (HFO) and
low-frequency oscillation (LFO) have been observed in
their operation [8, 9]. Moreover, distributed resources like
PV and Wind has a significant impact on damping
performance and causes oscillation as reported in the
literature [10-12].
Another prominent technical challenge in DC grid is
CPL. In the DC grid, the load is connected through power
electronic devices and gives constant power output. Thus,
the load is known as CPL. Some previous research
discusses the impact of CPL on DC grid and mitigation
technique. Shafiee et al. [13] shown the instability
scenario when converter connected to systems. Converter
behaves as a CPL during interconnection with other
microgrid component and under high penetration of
renewables. Consequently, the author proposed a filter
along with the feature of active stabilization. Due to the
inherent nature of negative impedance, CPL might create
instability and two stabilization methods namely constant
voltage source mode and modified droop mode have been
proposed in [14]. Moreover, the authors formed
acceptable conditions for the stability of the DC microgrid
by doing the eigenvalue analysis. In addition to stability
and CPL, one more drawback of Power electronic devices
is it has negative incremental impedance characteristic,
which has the ability to affect the whole systems stability
and quality [15]. According to the aforementioned
literature in case of DC distribution, modeling of highfrequency feeder has not been addressed yet. On top of
CPL, stability, negative incremental impedance
characteristics one more very important significant
subject of research in DC is power quality which is
overlooked in many articles.
Power quality issues (Oscillation and harmonic
resonance) is created due to energy conversions,
interaction among controllers and system impedance
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I. INTRODUCTION
In 1882, the first complete power system was built by
Thomas Edison in New York City and it was a DC power
system. Then, William Stanley, an American physicist
invented transformer in the year 1886. Nonetheless, due
to the feature of easy scaling up and down, AC was
chosen over DC for transmission and distribution in the
early stages of power system development around the
world. However, today's scenario is very different
compared to 100 years ago. With the advancement of
power electronics and semiconductor devices and the
capability of DC buses to be integrated with demand
response (DR) program, DC has become capable and
popular for building the future sustainable and reliable
power distribution system. An example of such DC
distribution system is Renewable Energy Sources (RESs)
integrated DC microgrid [1].
The advantage of DC microgrid over existing AC
microgrid in terms of better system efficiency, costeffectiveness, retrenchment of carbon footprint and
inexistent of reactive power is well known [2]. A DC
microgrid consists of micro-sources, different types of
loads, and energy storage [3]. All of them are interlinked
with each other through power electronic converters.
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issues. In conjunction with growing number of Power
electronics devices, voltage and current oscillation in DC
are analogous to AC harmonics. Instead of saying
harmonics people once in a way refer to oscillatory
voltages and currents on a DC system [16]. Kumar et al.
[17] describe either capacitors or impedance or both
together could create resonance frequencies in DC system
and if it’s tuned then there will be catastrophic power
quality and stability problem. The same author also [17]
describes, a power electronics converter (PEC) operates at
the high switching frequency and creates high-frequency
harmonics resonance and noise. Harmonic resonance is a
serious issue in DC grid, which generated from power
electronics devices and could propagate due to various
types of loads in the AC drives, rectifiers, induction
furnaces and arc furnaces [18]. Harmonics have short and
long-term effects on both grids and grid-connected
equipment. These harmonic issues diminish the quality,
reliability, and efficiency of electricity networks [19].
Usually, capacitor Bank has been used as a harmonic
filter to correct power factor on the distribution system. It
can be worthy to mention that, it’s very difficult to curtail
the harmonics while the resonance conditions exist,
hence, it’s necessary to investigate input and output
impedance at resonance.

Therefore, a resonance analysis should be thoroughly
investigated.
The rest of the paper is organized as follows. The
methodologies used to consider DC resonance are
presented in Section II. An overview of the proposed DC
grid and some of the key simulation results for two
potential configurations of DC grids are covered in
Section III. Summary and future direction of this research
are heightened in Section IV. Finally, the conclusions of
this research are heightened in Section V.
II. METHODOLOGY
As this research involved power oscillation and
harmonic analysis, FFT analysis, impedance scanning and
time domain simulation have concurrently used. A fast
fourier transform (FFT) is an efficient algorithm to
compute the discrete Fourier transform (DFT) of an input
vector or to analyze the signals and construct them to and
from their frequency components. It is used to convert the
signals from the time domain to frequency domain [20].
The theory of impedance analysis was established by
Middlebrook in the year 1976, which has extensively been
used with the Nyquist Plot to analyze the small signal
stability of interconnected systems [21]. This tool is very
useful to check the stability of power electronics based
power systems and can capture the harmonics generated
from PE sources and loads. Further, it analyses an entire
system based on the I/O character (impedance) of its
every subsystem [5].
In accordance with Nyquist theory, Small Signal
Stability (SSS) can be determined by the ratio of
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regardless the of curve circles ( -1,0) point in the -plane or
not. To obstruct the circle and to insure the SSS, it is
suggested that the source impedance should be much
smaller than the load impedance of the converter
within all frequency ranges, i.e., | | <<| |. However, in
many applications, it is inappropriate to have | | <<| |
in all frequency ranges [22]. A new forbidden region has
been proposed by Cad M. Wildrick et all in [22] by
applying the loop gain analysis technique by keeping out
of this forbidden region. According to [22], SSS can be
assured with a gain margin (GM) of 6 dB and phase
margin (PM) of 60 degrees. In addition, it can limit the
deterioration of DC bus performance. Another interesting
approach for measuring impedance is described in [22]. It
is shown that instead of measuring O/P and I/P
impedance, it is possible to find SSS by measuring
perturbation current and load side response current.
A typical LVDC distributed power system is shown in
and load impedance
Fig. 1, where source impedance is
is . Now, like an AC system, the interaction between
individually designed power modules may cause the
performance deterioration and instability of the whole
system when they were assemble together to form a
system [22]. To prevent this, a feedback control circuit is
usually used to regulate the output voltage against the
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Fig. 1: Typical Low Voltage DC distribution power system.

To the best of authors knowledge, in DC grid most of
the research has been done focusing on stability related to
CPL, energy management, and power oscillation. Very
few articles mentioned with DC resonance. In DC
network resonance is a leading cause of DC current
harmonics and in an electric circuit, resonance occurs in a
particular resonant frequency, when the impedance of the
circuit is at a minimum value in a series or at highest in a
parallel circuit [9]. Moreover, when forcing frequency is
close to the natural frequency system starts to oscillate
and when it equals then it oscillates severely.
Nevertheless, DC link capacitance is vital for designing
LVDC grid as it has the capability to reduce input ripple.
But the negative impact is it's very costly and if a fault
occurs then it could be catastrophic [1].
Based on the state of the art of research in LVDC,
clearly, there are certain concerns that is yet to be
addressed: 1) source and impact of resonance in DC and
2) The effect of impedance, damping factor, power
oscillation, capacitor, controller gain, and fault analysis.
Given this context, these issues require urgent attention
for the establishment of a cost-effective and
environmentally friendly DC distribution system.
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variation of line and load voltages. The controller could
be P, PI, PID, lead or lag compensation etc.
To design a controller, the first step is to find out the
transfer function of the plant. The transfer function
provides information on the behaviour of different
components in a system. Then, need to determine the root
locus of the selected system. In root locus, the roots of a
system can be observed by varying the gain. The root
locus plots the poles of the closed-loop transfer function
in the complex s-plane as a function of a gain parameter.
Further, to check the stability it’s necessary to investigate
root locus along with phase margin (PM) and gain margin
(GM) and input, output impedances. Here, PM is defined
as a phase that can be varied just prior to the system
becomes stable, whereas GM can be described as the gain,
which varies before the system becomes stable. For
ensuring stability, at least PM should be 60 degrees and
GM should be 6 dB [22]. It is worth mentioning that a low
phase margin indicates the harmonics of a system.
Finally, to check the stability of the system one needs to
split the system into two portions: one is and another
. A key point of the impedance-based stability
into
analysis is that it is easier to analyse, and stability can be
checked from a single point. However, one drawback of
impedance scanning is that it needs to investigate the
stability at different subsystems interfaces.

Imaginary Axis

0.0011262 & = 1.73322185) are chosen for the source
side converter and = 0.965 is considered for load side
buck converter. Finally, these two-individual unit along
with their controller connected together to form an LVDC
grid. It could be mentioned that in this study, negligible
line impedance has been considered since converters are
connected within a very short distance. Then, an
impedance scanning has been conducted and the
corresponding bode diagram and Nyquist plot are shown
in Fig. 3.
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III. RESULTS
A. Architecture & Real-time simulation
DC microgrid consists of various sources namely
photovoltaic, battery energy storage, AC grid interface,
AC or DC generator, wind turbine and various loads. A
typical LVDC grid is shown in Fig. 1.
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Fig. 3: (a) Nyquist plot of output impedance & input impedance
(b) Bode diagram of output impedance & input impedance.
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It can be seen from Fig. 3(a), the Nyquist plot does
not encircle the point (−1, j0) and from Fig. 3(b), bode
plot is well below 0 dB except for a resonance peak
around 233 Hz. Hence, the system can be assumed to be
stable. Then, an analytical expression of total impedance
seen from DC link has been derived. The impedance of
common DC coupling seen from DC link could be written
as follows in (1)
×
(1)
=
+
Here,
= output impedance from source side boost
converter and = input impedance from load side buck
converter. Consequently, the corresponding impedance
plot have been drawn in matlab platform which is shown
in Fig. 4. Fig. 4, presents the total impedance seen from
DC link and it is clear that overall magnitude is under
acceptable condition except for resonance peak which is
observed around 233 Hz.

Vref 2

Fig. 2: Investigated small scale DC microgrid with PI controller.

In this analysis, the DC grid is investigated
considering a pure DC source as shown in Fig. 2. Here, a
single unit of the boost converter (input 20V and output
40V) in source side and another unit of buck converter
(input 40V and output 20V) in load side have been
considered. Furthermore, a conventional PI controller has
been designed based on continuous conduction mode
(CCM). Before joining two individual unit of converters,
a comprehensive gain change has been carried out and
concurrently phase margin (PM) and gain margin (GM)
have been assessed for ensuring stability. Moreover, a
time domain simulation for the individual unit has been
conducted to evaluate the accuracy of the individual unit.
By considering PM, GM, less overshoot and fast settling
time, the value of proportional and integral gains ( =
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Fig. 5(a) represents common DC Bus voltage with
50% load disturbances (from 75Ω to 37.5Ω between 0.2
and 0.3 second). Without any overshoot a continuous
power oscillation in common DC Bus has been observed.
Fig. 5(b) depicts common DC Bus voltage with a
disturbance in source side converter (10V drop in source
side between 0.2 sec and 0.3 sec). Overshoot is noticed
between 0.2 and 0.3 second and common DC Bus voltage
dropped to 20 V at 0.2 sec and then raised to 80 V and
settle down at 0.35 sec. After removing disturbance, Bus
voltage comes to steady state condition, but a continuous
power oscillation is observed. Finally, disturbance has
been conducted in both side and almost similar pattern
(overshoot and resonance) have been observed in
common DC bus voltage which is shown in Fig. 5(c).
Overall it is observed that, apparently there is a
continuous voltage oscillation all over the period in
common DC Bus, but the source of the oscillation is not
obvious. It is assumed that oscillatory occurs because of
the resonance frequency or interaction between
controllers. To find out the details of the oscillation, the
fast Fourier transform (FFT) has been conducted and the
results of the analysis have been shown in Fig. 6.

Fig. 4: Total impedance is seen from DC link.

Further, to validate the impedance result, time domain
simulations have been carried out in Matlab/Simulink
platform. Disturbances have been applied firstly in source
side and then in load side and finally concurrently in both
sides; which are shown in Fig. 5.

B. Fast Fourier transform (FFT) analysis on common
DC Bus
FFT analysis is usually conducted to see frequency
domain response. In this study, FFT analysis is conducted
to find out resonance frequency or main contributing
frequency. Fig. 6, presents the magnitude of DC Bus
voltage in the frequency domain. It is clear that the
magnitude of common DC bus voltage is stable until 200
Hz. Then a moderate increase with a resonance peak has
been observed around 233 Hz. Since then it falls steadily
and then remains more or less stable. Overall signal
amplitude is in a good range except for resonance
frequency, which is one of the main focus of this study.

(a)

(b)

Fig. 6: Bar relative to DC component.

(c)
Fig. 5: Common DC Bus voltage with PI controller (a) 50% load
changes applied in load side of the boost converter (b) 50 % source
voltage disturbance applied in only source side of boost converter. (c)
disturbance applied in both sides of the boost converter.
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C. With the appropriate controller
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Fig. 7: Block diagram of the proposed DC grid with LQR controller in
boost converter and PI controller in buck converter.

To get rid of the oscillatory condition in common DC
Bus, a Linear Quadratic Regulator (LQR) controller has
been proposed. A block diagram of the proposed
controller is shown in Fig. 7. Here, positive definite or
semi-definite symmetry matrix Q and real positive
10 0
definite symmetry matrix r selected as =
and
0 10
r=0.1 to minimize cost function J. These Q and r, are
assigned to optimize the desired performance index. Then
an optimal gain matrix K1 and K2 has been found which
define control signal to associated converters based on
solution of continuous time Riccati differential equation.
In this case study, LQR approached is applied in source
side boost converter and load side conventional PI
controller has been considered. Subsequently, this twoindividual unit connected together in a Matlab/
Simulink platform to form a DC grid and a real-time
simulation has been carried out. Fig. 8(a) presents the
DC link voltage with LQR controller. It is obvious that
there is no significant power oscillation. Fig. 8(b) shows
the common DC Bus voltage with impedance changes
from 75Ω to 37.5Ω between 0.2 and 0.3 sec; whereas Fig.
8(c) presents common DC Bus voltage with significant
disturbance (50% voltage drop) in source side. Fig. 8(d)
depicts the impact of disturbances on both side of the
converter concurrently. In both cases, a small amount of
deviation is observed but it could not create a significant
impact on common DC Bus voltage. Finally, a fast
Fourier transform (FFT) has been conducted and the
results of the analysis have been shown in Fig. 9.

(b)

(c)

(d)
Fig. 8. (a) Common DC Bus voltage with LQR controller. (b) 50% load
changes applied in in load side of boost converter (c) 50 % source
voltage disturbance applied in only source side of boost converter. (d)
disturbance applied in both sides of the boost converter.

Fig. 9 shows the magnitude of common DC Bus
voltage with LQR controller in the frequency domain. It is
noticed that total harmonic distortion (THD) is 0.11 %,
which is 7 percent less than a conventional PI controller.
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IV. CONCLUSION
In this paper, the impact of the various controller on
common DC Bus in DC grid has been analyzed. To
examine these impacts, firstly a DC grid has been
investigated with a conventional PI controller. Details of
power oscillation in common DC Bus has been addressed
and a comprehensive analysis of resonance in DC grid is
conducted. To find out the reason for oscillation, FFT
analysis and impedance scanning also have been
conducted. Results reveal that resonance frequency is the
main contributor to this oscillation. To minimize the
oscillation in common DC Bus an LQR controller is used
in source side. It is observed that Bus voltage is stable for
both controller but power quality is varied. The LQR
based approach gives better performance in terms of less
overshoot, resonance, and THD. Nevertheless, in this
paper, only a single unit of the converter on both sides
(source and load side) have been considered. In future,
this study will be extended into a multi-converter-based
DC grid and extensive investigation will be carried out.
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