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Localization of Oscillation Source in DC 
Distribution Network Based on Power 

Spectral Density
Zida Zhao, Ke Peng, Richang Xian, and Xinhui Zhang

Abstract——Direct current (DC) bus voltage stability is essen‐
tial for the stable and reliable operation of a DC system. If an 
oscillation source can be quickly and accurately localized, the 
oscillation can be adequately eliminated. We propose a method 
based on the power spectral density for identifying the voltage 
oscillation source. Specifically, a DC distribution network model 
combined with the component connection method is developed, 
and the network is separated into multiple power modules. 
Compared with a conventional method, the proposed method 
does not require determining the model parameters of the en‐
tire power grid, which is typically challenging. Furthermore, 
combined with a novel judgment index, the oscillation source 
can be identified more intuitively and clearly to enhance the ap‐
plicability to real power grids. The performance of the pro‐
posed method has been evaluated using the MATLAB/Simulink 
software and PLECS RT Box experimental platform. The simu‐
lation and experimental results verify that the proposed method 
can accurately identify oscillation sources in a DC distribution 
network.

Index Terms——Direct current (DC) distribution network, oscil‐
lation source, component connection method, power spectral 
density.

I. INTRODUCTION

IN recent years, the access to distributed generation, ener‐
gy storage, and diversified loads has transformed direct 

current (DC) distribution networks from static operation 
structures to flexible and active intelligent structures. In addi‐
tion, given the absence of fluctuation in reactive power, the 
DC bus voltage is an essential index to measure secure and 
stable operation [1].

In a DC distribution network, the lack of rotating equip‐
ment (e. g., synchronous generators) and its interconnection 
with an alternating current (AC) power grid through power 
electronic devices relatively isolate the inertia, leading to the 
gradual appearance of voltage oscillation problems [2]. The 

oscillation mechanism of DC systems has been extensively 
studied. In [3], the crucial problems of multi-time-scale and 
random characteristics confronted by a DC system are sum‐
marized. In [4] and [5], the influences of loads, converter 
droop coefficient, and other parameters on high-frequency os‐
cillations are studied. In [6] - [8], based on a reduced-order 
model, the influences of filter capacitance, controller parame‐
ters, and other parameters on bus voltage oscillation are stud‐
ied. In [9], based on a quasi-linear relationship, a novel ex‐
tended DC power flow model is proposed. This model is 
simple, reliable, and precise in standard system operation 
states. To enhance the stability of a DC distribution network, 
a multi-time-scale optimal power flow strategy is proposed 
in [10] for an urban DC distribution network in different op‐
erating modes. In [11], a perturb and observe voltage regula‐
tor and capacitor compensator circuit are proposed to regu‐
late the voltage while delivering the maximum power at full 
load. For AC/DC hybrid power grids, a cooperative control 
method is available to eliminate the DC bus voltage oscilla‐
tion caused by the access to distributed generation, energy 
storage, and other components [12], [13].

Continuous and unexpected power system oscillations 
may restrict the transmission capacity in a power grid, possi‐
bly leading to serious accidents and large economic losses. 
To prevent these consequences, an efficient measure is time‐
ly localizing the equipment causing the oscillation to take 
control countermeasures. Research on localization of oscilla‐
tion source mainly focuses on AC systems. The related meth‐
ods include the energy function [14]-[17], modal estimation 
[18]-[21], frequency-domain relation [22]-[24], and damping 
torque analysis methods [25], whose advantages and disad‐
vantages are listed in Table I.

In the energy function method, a Lyapunov function is ap‐
plied to an electric power system [14]. In [15] and [16], the 
dissipating energy flow (DEF) and its practical calculation 
are introduced, and a wide-area measurement system is used 
to calculate the energy flow to localize the oscillation sourc‐
es. A cutset energy scheme is available to use wide-area mea‐
surement system data to localize the oscillation source [17]. 
Modal estimation allows to localize the oscillation source ac‐
cording to the amplitude and phase of each node mode [18]. 
This method has been applied to analyze the resonance char‐
acteristics of an accident related to the oscillation in an 
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American system. To capture nonlinear characteristics, a dif‐
ferential equation is linearized in [19] by using a high-order 
Taylor series, and the oscillation source is localized using 
modal series characteristics. However, when applying modal 
estimation for localizing an oscillation source, the identified 
modal information may lead to miscalculations [20], [21]. 
The frequency-domain relation method can localize the oscil‐
lation source by analyzing the relationship between the trans‐
fer function and response. Each generator is assumed to be a 
potential oscillation source, and the oscillation sources are 
identified through the error between the input and actual val‐
ues [22]. In [23], by studying the transfer function between 
nodes, a node with a phase angle advance is considered to 
be closer to the oscillation source. In [24], a transfer func‐
tion matrix of the oscillation source is considered to be diag‐
onally dominant, and the generator prime mover and gover‐
nor with the maximum power spectral density (PSD) are the 
oscillation sources. To apply the damping torque method to 
localize the oscillation source, the generator torque can be 
decomposed into damping and synchronous torques, and the 
localization index of oscillation source is obtained [25]. 
These methods have a clear and intuitive theoretical basis 
but rely on the acquisition of detailed models for the entire 
network. To address this challenge, we propose a method for 
localizing oscillation source in a DC distribution network 
based on the PSD.

The main contributions of this paper are summarized as 
follows.

1) Based on the component connection method, the node 

impedance of the DC distribution network is separated from 
each power module (PM), and a two-port model is estab‐
lished. This model reduces the calculation burden. Further‐
more, as each PM is a potential oscillation source, the oscil‐
lation source can be identified simply and intuitively based 
on the established model.

2) Based on the PSD, we propose a method for localizing 
the oscillation source. Compared with a conventional meth‐
od, the proposed method does not require the parameters of 
the entire power grid model, and the PSD of each PM can 
be obtained by using its input signal and transfer function. 
Furthermore, when combined with a proposed judgment in‐
dex, the oscillation source can be localized more intuitively 
and clearly.

3) Equivalent models of diverse DC distribution networks 
are constructed in the MATLAB/Simulink software using 
hardware-in-the-loop. Then, the performance of multivariate 
empirical mode decomposition (MEMD) [26] and the pro‐
posed method are compared. The results demonstrate that 
the proposed method can substantially improve the accuracy 
and efficiency of oscillation source localization.

The remainder of this paper is organized as follows. In 
Section II, a model of the DC distribution network is pre‐
sented. In Section III, based on the PSD, the method for os‐
cillation source localization is detailed. In Section IV, the 
theoretical analysis is validated through case studies includ‐
ing simulation and experimental analyses. Finally, conclu‐
sions are drawn in Section V.

II. MODEL OF DC DISTRIBUTION NETWORK 

The research object for this paper is a DC distribution net‐
work with multiple sources. The system is powered by an 
AC system through converters and comprises distributed gen‐
eration, energy storage (ES), AC loads, electric vehicles 
(EVs), and other components. A schematic of a typical DC 
distribution network topology with two sources is shown in 
Fig. 1.

The converters that interact between the AC and DC sys‐
tems adopt the droop control, which has a simple structure 
and can realize reasonable power allocation [27]. Because 
distributed generation adopts the maximum power tracking 
control, ES and EVs can balance the system power. As the 
AC load generally adopts constant power control, each unit 
can be equivalent to a constant power load (CPL). We use a 
series resistance converter to represent the CPL.

The schematic of a simplified model of the DC distribu‐
tion network with multiple sources is shown in Fig. 2, where 
uj (0 < j £ k) is the equivalent voltage of the three-phase 

source; ujo is the equivalent voltage on the AC side; Rj and 
Lj are the equivalent impedances; Ijdc is the output current of 
the inverters; IjL is the equivalent current of the DC load; 

TABLE I
ADVANTAGES AND DISADVANTAGES OF MAIN LOCALIZATION METHODS

Method

Energy function 
method

Modal estima‐
tion method

Frequency-do‐
main relation 

method

Damping torque 
analysis method

Advantage

Clear in concept, 
convenient for prac‐

tical application

Suitable for multi-
mode oscillation

Simple and easy to 
perform

Clear and appropri‐
ate physical inter‐

pretation

Disadvantage

Dissipated energy can be generat‐
ed through non-oscillatory sourc‐
es, which may lead to misjudg‐

ment

Identified modal information 
may be misjudged

Parameters of the whole network 
model are required

Detailed model and accurate pa‐
rameters need to be obtained

Interconnected

converter 1

AC
system 1

AC
system 2

Interconnected

converter 2

ES
AC

load
EV

Wind

turbine

DC/DC
converter

PV

DC/DC
converter

AC/DC
converter

AC/DC
converter

DC/DC
converter

Fig. 1.　Schematic of a typical DC distribution network topology with two sources.
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Cjdc is the filter capacitor on the DC side; loadj (k < j £N) 
and its converter are the CPLs; N is the number of 
nodes; and VSC stands for voltage source converter.

Because sources and CPLs are connected to a DC distribu‐
tion network through converters, they can be represented by 
a PM. Taking the PM as the basic unit, we apply the compo‐
nent connection method to model the DC distribution net‐
work [28]-[30]. The schematic of the Norton equivalent mod‐
el is shown in Fig. 3. When establishing the equivalent mod‐
el, two-port models are developed for each PM and the sys‐
tem node impedance. The PM can be described by Norton’s 
theorem.

Suppose that AC power sources are connected to nodes 
numbered from 1 to k, and CPLs are connected to nodes 
numbered from k + 1 to N. The connection line between the 
PMs adopts a π-type centralized equivalent model. Taking 
the connection line between nodes 1 and 2 as an example, 
rl12 is the line resistance; Ll12 is the line inductance; and 
Cl12 is the line equivalent capacitance. In each PM, Ujdc is 
the DC voltage; Zuj

 is the output impedance of the source; Yj 

is the input admittance of a CPL; Yjl is the node admittance; 
Ijref and Ujref are the reference current and voltage, respec‐
tively; and Gjpc and Gjpd are the closed-loop transfer func‐
tions of source and CPL equivalent models, respectively.

The droop control structure adopted in this paper for PM j 
(0 < j £ k) is shown in Fig. 4, where Pjref and Pj are the refer‐
ence and measured power values of PM j, respectively; kjVp 
and kjVi are the proportional and integral coefficients of the 
outer loop proportional-integral regulator, respectively; kjIp 
and kjIi are the proportional and integral coefficients of the 
inner-loop proportional-integral regulator, respectively; kj 
and kjd are the proportional and droop coefficients, respec‐
tively; ujd and ijd are the d-axis components of the AC-side 
voltage and current, respectively; kjga is the equivalent gain 
of the converter; Uj is the DC-side voltage; and s is the La‐
place operator.

For the droop control system illustrated in Fig. 4, the 
closed-loop transfer function of PM j is given by:

Gjpc (s)=
Gjpo (s)

1 + 1.5ujdGjpo (s) (1)

GjI (s)=
kjIpkjga s + kjIikjga

s2 L + (R + kjIpkjga )s + kjIikjga
(2)

Gjpo (s)=
(kjIpkjga s + kjIikjga )(skjVp + kjVi )

s3 L + (R + kjIpkjga )s2 + kjIikjga s
(3)

where GjI (s) and Gjpo (s) are the current closed-loop and 
power open-loop transfer functions of the system, respective‐
ly.

The output impedance in the equivalent circuit can be ex‐
pressed as follows:

Z -1
uj

(s)=
LjCj s

2 + (CjGji (s)kjgaUj + rjCj )s

Lj s + rj +Gji (s)kjgaUj

+

LGji (s)Gju (s)kjgaUj + 1

Lj s + rj +Gji (s)kjgaUj
(4)

Gji (s)= kjIp +
kjIi

s
(5)

Gju (s)= kjVp +
kjVi

s
(6)

where Lj, rj, and Cj are the inductance, resistance, and capac‐
itance of the filter circuit, respectively; and Gji (s) and 
Gju (s) are the current and voltage controllers, respectively.

For the PMs of the CPLs, the closed-loop transfer func‐
tion and reactance value can be obtained, as detailed in Ap‐
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Gj,pd Ij,ref

Y2,l
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Zu2   
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1−

GN,pd IN,ref

Fig. 3.　Schematic of Norton equivalent model.
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Fig. 4.　Droop control structure adopted in this paper.
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pendix A.
The parameters of the equivalent model are obtained us‐

ing the inverse Laplace transform as follows:

Gjpc (t)= L-1 (Gjpc (s)) (7)

Zuj
(t)= L-1 (Zuj

(s)) (8)

Gjpd (t)= L-1 (Gjpd (s)) (9)

Yj (t)= L-1 (Yj (s)) (10)

III. OSCILLATION SOURCE LOCALIZATION 

The fundamental reason for DC bus oscillation is the im‐
balance of energy between the power source and loads [1]. 
Therefore, for a DC distribution network, when the bus volt‐
age oscillates, each PM is a potential oscillation source. Ac‐
cordingly, we determine the PSD of each PM output signal, 
which is regarded as the predicted PSD. Then, a judgment 
index based on the measured and predicted PSD values is de‐
rived to identify the oscillation source.

The equivalent circuits of the power source and CPL are 
shown in Fig. 5.

According to the equivalent circuit, the input signals of 
each PM can be expressed as:

fj (t)=

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

G2
jpc (t)U 2

jref

Zuj
(t)

     0 < j £ k

G2
jpd (t)I 2

jref

Yj (t)
     k < j £N

(11)

where fj (t) is the input signal of PM j.
In (11), the expressions of Gjpc (t), Zuj

(t), Gjpd (t), and Yj (t) 

are given during the model setup. Therefore, the input signal 
of each PM is known. Considering PM j as an example, the au‐
tocorrelation function of the input signal can be expressed as:

Rfj
(τ)= lim

T®¥

1
T ∫-T/2

T/2

fj (t) fj (t + τ)dt (12)

where Rfj
(τ) is the autocorrelation function of the input sig‐

nal; τ is the independent variable of the autocorrelation func‐
tion; and T is the period of input signal fj (t).

During the period of DC system oscillation, the time 
mean of the input signal autocorrelation function and its 
PSD are mutual Fourier transforms. Hence, the PSD can be 
expressed as:

sfj
(ω)= ∫

-¥

¥ ( )lim
T®¥

1
2T ∫-T

T

Rfj
(tt + τ)dt e-iωτ dτ =

∫
-¥

¥

E(Rfj
(tt + τ)) e-iωτdτ (13)

where E(×) is the expectation; sfj
(ω) is the PSD of input sig‐

nal fj (t); and ω is the independent variable of the PSD.
The DC bus voltage oscillation is a generalized stationary 

random process that satisfies the Wiener-Khinchin theorem. 
For a stationary (or generalized stationary) random process, 
the autocorrelation function and PSD of the process are mu‐
tual Fourier transforms [31]. Therefore, the PSD of the input 
signal can be expressed as:

sfj
(ω)= ∫

-¥

¥

E(Rfj
(τ))e-iωτdτ = ∫

-¥

+¥

Rfj
(τ)e-iωτdτ (14)

From the analysis above, the PSD of each PM input sig‐
nal can be expressed as:

s f =[sf1
(ω)    sf2

(ω)        sfN
(ω)]T

(15)

For a DC distribution network, the input signal of each 
PM can be decomposed into a superposition of impulse sig‐
nals with different time delays. When the input signal is 
known, the output signal of each PM can be obtained using 
the continuous-domain convolution. Therefore, the output 
signal can be expressed as:

yj (t)= fj (t)*hj (t)= ∫
-¥

+¥

fj (χ)h j (t - χ)dχ = ∫
-¥

+¥

hj (χ) fj (t - χ)dχ

 (16)

where * denotes the convolution operator; yj (t) is the output 
signal of PM j; hj (t) is the impulse response of yj (t) when 
fj (t) is the impulse signal; and χ is an integral variable.

Therefore, the autocorrelation function of the output signal 
can be expressed as:

Ryj
(τ)= ∫

-¥

+¥∫
-¥

+¥

hj (χ1 )hj (χ2 )Rfj
(τ - χ2 + χ1 ) dχ1dχ2 (17)

where Ryj
(τ) is the autocorrelation function of the output sig‐

nal of PM j; and χ1 and χ2 are integral variables.
According to (14), the PSD of the output signal of PM j 

can be expressed as:

syj
(ω)= ∫

-¥

+¥

Ryj
(τ) e-iωτdτdχ1dχ2 =

eiω(χ1 - χ2 )∫
-¥

+¥

hj (χ1 )dχ1 ∫
-¥

+¥

hj (χ2 )dχ2 ×

∫
-¥

+¥

e-iω(τ + χ1 - χ2 )Rfj
(τ + χ1 - χ2 ) d(τ + χ1 - χ2 )= αη (18)

α = eiω(χ1 - χ2 )∫
-¥

+¥

hj (χ1 )dχ1 ∫
-¥

+¥

hj (χ2 )dχ2 (19)

η = ∫
-¥

+¥

Rfj
(τ + χ1 - χ2 ) e-iω(τ + χ1 - χ2 )d(τ + χ1 - χ2 ) (20)

Because the system function can be obtained by Laplace 
transformation of the impulse response, α can be converted 
as follows:

ì

í

î

ï
ïï
ï

ï
ïï
ï

∫
-¥

+¥

hj (χ1 )eiωχ1dχ1 =G*
j

∫
-¥

+¥

hj (χ2 )e-iωχ2dχ2 =Gj

(21)

where Gj is the transfer function corresponding to the output 
and input signals of PM j; and G*

j  is the conjugate complex 

Zu1   
G1,pcU1,ref

1−

Zu1

1− Yj

Gj,pd Ij,ref

(a) (b)

Fig. 5.　Equivalent circuits of power source and CPL. (a) Power source. (b) 
CPL.
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of Gj.
Through the relationship between the PSD and autocorrela‐

tion function in (14), η can be expressed as:

η = sfj
(ω) (22)

Overall, the PSD of an output signal can be expressed as:

syj
(ω)= αη = sfj

(ω) |Gj |
2

(23)

where syj
(ω) is the PSD of the output signal of PM j; and |Gj | 

is the modulus of transfer function Gj.
Therefore, the output signal PSD of each PM can be ex‐

pressed as:

syj
(ω)=

ì

í

î

ïïïï

ïïïï

sfj
(ω) ||Gjpc

2

    0 < j £ k

sfj
(ω) ||Gjpd

2

    k < j £N
(24)

According to (24), the PSD of each PM can be predicted. 
Ideally, when the DC bus voltage oscillates, if PM j is an os‐
cillation source, the measured PSD includes the PSD of the 
model response and that caused by the disturbance source. 
Therefore, the predicted PSD differs from the measured one at 
the oscillation frequency. This condition can be expressed as:

syj
(ω)¹ syjb

(ω) (25)

where syjb
(ω) is the measured PSD of PM j.

If PM j is not an oscillation source, the predicted PSD is 
assumed to be strictly equal to the measured PSD at the os‐
cillation frequency. This condition can be expressed as:

syj
(ω)= syjb

(ω) (26)

However, because several electronic components are con‐
nected to the DC distribution network, there are many non‐
linear factors, interference noise, and other factors. There‐
fore, a deviation remains between the predicted and mea‐
sured PSD values.

Considering the aforementioned factors, we propose the 
following index θj to measure the deviation between the pre‐
dicted and measured PSD values:

θj =
|

|

|

|
||
|
|
1 - ( syj

(ω)

syjb
(ω) ) 2 |

|

|

|
||
|
|

(27)

The judgment index of each PM can be obtained accord‐
ing to (27). If PM j is an oscillation source, a large deviation 
between syj

(ω) and syjb
(ω) exists, and the proposed index sat‐

isfies θj 0. Otherwise, the deviation between syj
(ω) and 

syjb
(ω) is small, and the proposed index satisfies θj » 0.

IV. CASE STUDIES

We report simulation and experimental results that demon‐
strate the effectiveness of the proposed method for oscilla‐
tion source localization using the MATLAB/Simulink soft‐
ware and PLECS RT Box experimental platform.

A. Simulation Analysis

To verify the effectiveness of the method to localize an os‐
cillation source, an equivalent model is constructed in MAT‐

LAB/Simulink according to the topology of the DC distribu‐
tion network with two sources, as shown in Fig. 6. The volt‐
age level of the DC bus is 600 V, while G1 and its convert‐
ers are PM1, and G2 and its converters are PM2. In addition, 
variable load load3 and its converters are PM3, and loads 
load4-load6 and their converters are PM4-PM6. The other pa‐
rameters are listed in Table II.

1)　Case 1
Keeping the power consumed by PM3-PM6 constant, a dis‐

turbance source is connected to PM1 at 3 s. Because voltage 
oscillation is induced by the disturbance source connected to 
PM1, it is the oscillation source. The voltage oscillation 
curve of the DC bus for this case is shown in Fig. 7. The os‐
cillation frequency is 8.0 Hz.

The measured PSD values of PM1 and PM2 are shown in 
Figs. 8 and 9, respectively. For an oscillation frequency of 8 
Hz, the measured PSD values of PM1 and PM2 are −16.543 
dB/Hz and −15.455 dB/Hz, respectively.

The corresponding judgment indices of PMs are shown in 
Fig. 10. The judgment index of each PM satisfied θ1 θ2 » 0. 
As PM2 is not an oscillation source and its measured PSD is 
approximately equal to the PSD prediction, its judgment in‐
dex value is approximately equal to zero. On the other hand, 
PM1 is the oscillation source, and its measured PSD contains 

2
G

1
G

DC/DC

load
3

DC/DC

load
4

DC/DC

load
5

AC/DC

load
6

Fig. 6.　Topology of DC distribution network for simulation analysis.

TABLE Ⅱ
BASIC PARAMETERS OF DC DISTRIBUTION NETWORK

Parameter

Udc,ref

u1, u2

L1, L2

R1, R2

k1,Vp/k1,Vi

k2,Vp/k2,Vi

Value

0.6 kV

0.38 kV

2 mH

0.04 Ω

4/50

4/50

Parameter

Cdc1, Cdc2

k1,Ip/k1,Ii

k2,Ip/k2,Ii

k1/k2

k1,d/k2,d

k1,ga/k2,ga

Value

4000 μF

1/12

1/12

4.5

5.5

7.3
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Fig. 7.　Voltage oscillation curve of DC bus for simulation case 1.
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the predicted PSD that is caused by the disturbance source. 
Hence, its judgment index is relatively large. Therefore, 
when the system is connected to an external disturbance 
source, the results are consistent with theoretical analysis.

MEMD is another method to localize an oscillation source 
by calculating the variation in DEF, and it combines the en‐
ergy function method with modal analysis [27]. The DEF 
curves of each PM are calculated based on the simulation da‐
ta, obtaining the results shown in Fig. 11. The y-axis shows 
dissipative energy Wdp. The DEF curve of PM1 exhibits an 
obvious downward trend. Therefore, this method can identi‐
fy the oscillation source as PM1, being consistent with the re‐
sult of the proposed method. However, compared with the 
proposed method, the conventional MEMD method requires 

more model parameters, and the model accuracy should be 
higher, thus being impractical for engineering applications.

2)　Case 2
Control parameters of PM3-PM6 are set to be consistent. 

The power consumed by PM4-PM6 is set to be 30 kW. The 
initial power consumed by PM3 is set to be 10 kW, and then 
the power consumed suddenly changes to 30 kW at 0.6 s, 
leading to DC bus voltage oscillation.

The voltage oscillation curve of the DC bus is shown in 
Fig. 12. The oscillation frequency is 43.685 Hz. As the volt‐
age oscillation is induced by a sudden change in the power 
consumed by PM3, it is the oscillation source.

The measured PSD values of PM3-PM6 for simulation 
case 2 are shown in Figs. 13-16, respectively. When the os‐
cillation frequency is 43.685 Hz, the measured PSD of PM3 
is 5.773 dB/Hz. Because the parameters and states of PM4-
PM6 are the same, their measured PSD values are all equal 
to 14.18 dB/Hz.
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Fig. 8.　Measured PSD values of PM1 for simulation case 1.
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Fig. 9.　Measured PSD values of PM2 for simulation case 1.
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Fig. 12.　Voltage oscillation curve of DC bus for simulation case 2.
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The judgment indices and DEF curves of PMs for simula‐
tion case 2 are shown in Figs. 17 and 18, respectively. In 
Fig. 17, the judgment indices of PMs meet θ3 θ4 = θ5 = θ6 »
0. According to theoretical analysis, PM3 is an oscillation 
source. However, Fig. 18 shows that the downward trend of 
DEF curves is very small to identify the oscillation source.

Therefore, when the parameters of each PM are consis‐
tent, MEMD could not identify the oscillation source. In con‐
trast, Fig. 17 shows that the proposed method allows to 
clearly and intuitively identify the oscillation source.
3)　Case 3

The power consumed by PM4-PM6 is set to be 30 kW, 40 
kW, and 50 kW, respectively. The initial power consumed by 
PM3 is set to be 10 kW and suddenly changed to 60 kW at 
0.6 s, leading to voltage oscillation.

The voltage oscillation curve of the DC bus is shown in 
Fig. 19. The oscillation frequency is 40.264 Hz. As the DC 
voltage oscillation is induced by the sudden change in the 
power consumed by PM3, it is the oscillation source.

The measured PSD values of PM3-PM6 for simulation 
case 3 are shown in Figs. 20-23, respectively. When the DC 
bus voltage oscillation frequency is 40.264 Hz, the measured 
PSD values of PM3-PM6 are 19.857 dB/Hz, 13.446 dB/Hz, 
15.945 dB/Hz, and 17.881 dB/Hz, respectively.

The judgment indices and DEF curves of PMs for simula‐
tion case 3 are shown in Figs. 24 and 25, respectively. The 
judgment indices of the PMs meet θ3 θ4 » θ5 » θ6 » 0. Thus, 
PM3 is the oscillation source because its measured PSD has 
a large deviation from the predicted PSD, and its judgment 
index is large. Similarly, Fig. 25 shows that the DEF curves 
exhibit a slight downward trend, hindering the identification 
of the oscillation source using the conventional method. 
Compared with Fig. 24, it is difficult or even impossible to 
identify the oscillation source using MEMD, whereas the 
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Fig. 17.　Judgment indices of PMs for simulation case 2.
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Fig. 18.　DEF curves of PMs for simulation case 2.
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Fig. 14.　Measured PSD values of PM4 for simulation case 2.
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Fig. 15.　Measured PSD values of PM5 for simulation case 2.
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Fig. 16.　Measured PSD values of PM6 for simulation case 2.
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proposed localization method accurately and clearly identi‐
fies the oscillation source.

By comparing the performances of MEMD and the pro‐
posed method, the following results are obtained.

1) For the DC bus voltage oscillation induced by the con‐
nected disturbance source, both MEMD and the proposed 
method can identify the oscillation source. However, MEMD 
requires relevant parameters of the oscillation dissipation ca‐
pacity, transient energy variation, and modal decomposition. 
The proposed method can calculate the PSD for each PM 
solely by its input signal and transfer function, being more 
practical for engineering applications.

2) For the DC bus voltage oscillation induced by a sudden 
change in the load consumption power, cases 1 and 2 show 
that it is difficult or even impossible to identify the oscilla‐
tion source using MEMD. In contrast, the proposed method 
can accurately, clearly, and intuitively identify the oscillation 
source.

B. Experimental Analysis

The PLECS RT Box experimental platform is equipped 
with rich digital and analog interfaces, and field-programma‐
ble gate array (FPGA) integrated operation modules. It can 
quickly process real-time models with a hardware-in-the-
loop architecture and perform rapid control prototyping. Its 
results are close to those obtained from an actual power 
grid. The implementation of RT Box experimental platform 
used in this paper is shown in Appendix A Fig. A1.
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Fig. 21.　Measured PSD values of PM4 for simulation case 3.
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Fig. 22.　Measured PSD values of PM5 for simulation case 3.
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Fig. 23.　Measured PSD values of PM6 for simulation case 3.
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The topology of the DC distribution network for experi‐
ment is shown in Fig. 26. The voltage level is set to be 600 V. 
In addition, G1-G3 with their converters are denoted as PM1-
PM3, respectively, while variable load4 and its converters is 
denoted as PM4, and load5-load7 with their converters are de‐
noted as PM5-PM7, respectively.

1)　Case 1
The power consumed by PM4-PM7 is constant, and the dis‐

turbance source is connected to PM1 at 1 s. Because voltage 
oscillation is induced by the disturbance source connected to 
PM1, it is the oscillation source. The voltage oscillation 
curve of the DC bus in this case is shown in Fig. 27 with a 
frequency of 7.62 Hz.

The measured PSD values of PM1-PM3 are shown in Figs. 
28-30. When the oscillation frequency is 40.264 Hz, the mea‐
sured PSD values of PM1-PM3 are −39.867 dB/Hz, −43.426 
dB/Hz, and −48.952 dB/Hz, respectively.

The judgment indices are shown in Fig. 31. The indices 
for the PMs meet θ1 θ2 » θ3 » 0. For PM2 and PM3, because 
they are not oscillation sources according to the theoretical 
analysis, their judgment indices are approximately zero. For 
the oscillation source in PM1, its judgment index value is rel‐
atively large. Therefore, when the system is connected to an 
external disturbance source, the results are consistent with 
the theoretical analysis.
2)　Case 2

The power consumed by PM5-PM7 is set to be 24 kW, 18 
kW, and 24 kW, respectively. The initial power consumed by 
PM4 is set to be 18 kW and suddenly changed to 36 kW at 
5 s, leading to voltage oscillation.

The voltage oscillation of the DC bus is shown in Fig. 32. 
The oscillation frequency is 50.394 Hz. Because the DC volt‐
age oscillation is induced by the sudden change in the power 
consumed by PM4, it is the oscillation source.

The measured PSD values of the PMs are shown in Fig. 
33-36. When the oscillation frequency is 50.394 Hz, the mea‐
sured PSD values of PM4-PM7 are −55.79 dB/Hz, − 68.798 
dB/Hz, −57.803 dB/Hz, and −68.794 dB/Hz, respectively.

The judgment indices of PMs are shown in Fig. 37. The 
judgment indices meet θ4 θ5 » θ6 » θ7 » 0. Because PM4 is 
the oscillation source, its judgment index is relatively large, 
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Fig. 28.　Measured PSD values of PM1 for experimental case 1.
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Fig. 29.　Measured PSD values of PM2 for experimental case 1.
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Fig. 27.　Voltage oscillation curve of DC bus for experimental case 1.
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while PM5-PM7 are not oscillation sources, and their judg‐
ment indices are approximately zero. These results are con‐
sistent with the theoretical analysis that is presented in Sec‐
tion III.

V. CONCLUSION

To address voltage oscillation in a DC distribution net‐
work, an immediate and efficient method is localizing the 
component causing the oscillation timely and accurately to 
take control countermeasures. Accordingly, we propose an 
oscillation source localization method for a DC distribution 
network with multiple sources. The following conclusions 
can be drawn from the simulation and experimental results.

1) The proposed method does not require a detailed model 
of the system and can estimate the PSD solely using the input 
signal of each PM to accurately localize the oscillation source.

2) Compared with a conventional method, the proposed 
method is suitable for generic DC distribution networks and 
can accurately identify different types of oscillation sources. 
Furthermore, when combined with the proposed judgment in‐
dex, the oscillation source can be identified intuitively and 
clearly.
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Fig. 31.　Judgment indices of PMs for experimental case 1.
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Fig. 32.　Voltage oscillation of DC bus for experimental case 2.
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Fig. 33.　Measured PSD values of PM4 for experimental case 2.
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Fig. 34.　Measured PSD values of PM5 for experimental case 2.
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Fig. 35.　Measured PSD values of PM6 for experimental case 2.
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Fig. 36.　Measured PSD values of PM7 for experimental case 2.
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Fig. 37.　Judgment indices of PMs for experimental case 2.
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3) The proposed method considerably improves the accura‐
cy and efficiency of oscillation source localization, likely 
providing a reference for power grid operators to formulate rel‐
evant control strategies with practical engineering applicability.

APPENDIX A

The Norton equivalent admittance of a CPL is given by:

Yj (s)=
aj4 s4 + aj3 s3 + aj2 s2 + aj1 s1 + aj0

bj5 s5 + bj4 s4 + bj3 s3 + bj2 s2 + bj1 s1 + bj0
(A1)

Gjd (s)= kjdp +
kjdi

s
(A2)

aj0 = d 2 -Gjd (s)Ijkjda Rjd (A3)

aj1 =Gjd (s)kjda Rj +RjCjd
2 +Rj + rj -RjGjd (s)Ijkjdad (A4)

aj2 =Rj (Gjd (s)kjda +Cjd
2 )+Rj + rj + Lj +Cj Rjrj (A5)

aj3 = Lj +Cj Rjrj +Cj Ljrj (A6)

aj4 = LjCj Rj (A7)

bj0 =Rj (1 +Gjd (s)kjda )+ rj (A8)

bj1 =Rj (1 - dIjc )Gjd (s)kjda + d 2 +RjCjrj +Rj + rj (A9)

bj3 =RjGjd (s)kjda +Rj + rj +RjCj (rj + Lj + d 2 ) (A10)

bj4 =RjCj (rj + Lj )+ Lj (A11)

bj5 = aj4 (A12)

where Yj (s) is the input admittance of PM j; Gjd (s) is the volt‐
age controller; d is the duty cycle of pulse-width modulation; 
kjda is the equivalent gain of the converter; Rj is the equivalent 
output resistance; Lj, Cj, and rj are the inductance, capacitance, 
and resistance of the filter circuit, respectively; and Ijc is the 
current of the filter inductance.

Gjpd (s)=
cj3 s3 + cj2 s2 + cj1 s1 + cj0

bj5 s5 + bj4 s4 + bj3 s3 + bj2 s2 + bj1 s1 + bj0
    (A13)

cj0 =Gjd (s)kjda [1 + Ijc (Rj + rj )] (A14)

cj1 =Gjd (s)kjda [d + Ijc (Rj + rj + Lj +RjCjrj )] (A15)

cj2 =Gjd (s)kjda Ijc (RjCj Lj + Lj +RjCjrj )+Gjd (s)kjda RjCjd
(A16)

cj3 =Gjd (s)kjda RjCj Lj Ijc (A17)

where Gjpd (s) is the closed-loop transfer function from the ref‐
erence value in PM j of the output variables.

The implementation of RT Box experimental platform used 
in this paper is shown in Fig. A1.
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