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Abstract—In multi-source distribution power systems 
(DPSs), line impedances of the source converter’s output 
terminal will cause high-frequency oscillations, resulting in an 
unstable system. In this paper, the impedance-based analysis 
method is used to explain the reasons for instability at multiple 
frequency points in multi-source DPSs. The boundary 
conditions of cut-off frequencies of load converters and 
maximum resonance frequencies of the high-frequency 
resonance points are caused by line impedance and obtained 
through an impedance-based analysis method. For the 
unavoidable instability problems, this paper also investigates 
the parallel virtual impedance (PVI) methods of the load 
converter based on voltage-current double-loop control. The 
larger phase margin of the double-loop control scheme 
addresses the magnitude dip. Finally, the effectiveness of the 
above analysis is verified by experiment. 

Keywords—DC distribution power system, multiple source, 
line impedance, multiple resonances, stability enhancement 

I. INTRODUCTION 
With the introduction of renewable energy sources such as 

photovoltaic (PV) and wind power and the increase in DC 
loads, DC DPS has become mainstream [1]-[4]. The typical 
DC DPS consists of massive power electronic converters, 
including PV grid-connected units, energy storage units, load 
units, etc., as shown in Fig. 1. Due to the interaction between 
subsystems, even if the single converter is stable, the system 
still has instability problems [5]-[10]. 

For the complex DC DPS, some research based on the 
impedance ratio stability criterion have be carried out to make 
sure that the impedance ratio of ZoS/ZinL satisfies the Nyquist 
criterion, where ZoS and ZinL are the equivalent impedance of 
the source converter the load converter, respectively[11]-[12]. 
The existing active improvement methods based on 
impedance analysis can be classified into two types: active 
methods acting on the source side converter [13]-[15] and load 
side converter [16]-[18]. The active method of the source-side 
converter is to dampen the resonance peak of ZoS to realize the 
total separation between |ZoS| and |ZinL|. However, when the 
source converter is an uncontrollable system, such as an LC 
filter, these methods fail to improve system stability. 

Therefore, a virtual impedance is inserted in series into load 
converters to realize amplitude compensation for the whole 
system stability [17]. Another method is to compensate for the 
phase so that the phase difference |φ(ZoS)-φ(ZinL)| is smaller 
than 180º without amplitude separation [16]-[18].  

 
Fig. 1 A typical multi-source DC DPS. 

However, the stability improvement method usually 
neglects the line impedance between converters and dc bus 
[19]. In the AC distribution system, the line impedance affects 
the resonance frequency directly with the inverter LCL filter 
[20]. In the DC DPS with multiple power electronic devices 
connected in parallel, the influence of line impedance is 
evident. References [21] and [22] study the influence of droop 
control and line impedance on DC microgrids based on the 
state-space method of characteristic root and sensitivity 
analysis, pointing out that line impedance and DC converter’s 
output impedance interact with each other to trigger high-
frequency oscillations. It is noted that multiple source 
converters connected in parallel will reduce damping and lead 
to oscillations. But high resonance frequencies and 
characteristics caused by line impedance are rarely proposed. 
Moreover, the magnitude dip of the load converter’s input 
impedance will deteriorate system stability.  

In response to the above issues, this paper investigates the 
multiple resonance peaks caused by line impedances. Firstly, 
a small-signal model of a multi-source DC DPS is established 
and expressions of three types of resonance frequencies are 
deduced. The boundary conditions for the instability problem 
caused by high-frequency resonances are obtained by 
analyzing the interaction between sources and loads. 
Furthermore, the boundary frequency at which the instability 
problem occurs is obtained, which is beneficial to the design 
of a cut-off frequency that can achieve stability enhancement 
at multiple resonance frequencies. Then, the effects of voltage 
loop control and voltage-current double-loop control on the 
magnitude dip of the load converter’s input impedance are 
comparatively analyzed. Based on the PVI methods of the 
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double-loop control, the enhancement of the instability 
problem at multiple resonance frequencies is achieved. 
Finally, the validity of the analysis is verified by experiment. 

II. BASIC ANALYSIS OF MULTIPLE RESONANCE AND DESIGN 
CRITERION FOR LOAD CONVERTERS 

A. Multiple Resonances 
In Fig. 2, n source converters are connected in parallel to 

the dc bus, and multiple load converters connect in parallel to 
supply energy to the load, where ZoSi (i = 1, 2,…, n) and ZinLj 
(j = 1, 2,… , m) denote the ith source converter’s output 
impedance and the jth load converter’s input impedance, 
respectively, Rli and Lli are the line resistance and inductance 
separately. The output impedance of common DC/DC 
converters exhibits LC characteristics, so the source 
converters can be simplified as LC filters. Here, Rfi, Lfi, and Cfi 
are parasitic resistances, inductances, and capacitances, 
respectively. The load converters are controlled by PI 
controllers, where Hv is the sampling coefficient, Gv is the PI 
controller, Gm is the PWM generator, and RL is the power load. 

 
Fig. 2 A typical multi-source DC DPS. 

The equivalent minor loop gain of multi-source DC DPS 
can be expressed as [11] 
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where ZoS is the shunt impedance of output impedances of 
source converters and ZinL is the input impedance of load 
converter, respectively. The output impedance of the 
equivalent LC filter is 
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At the low-frequency range, the output impedance of the 
LC filter shows inductive characteristics, thus the line 
inductance Lli is much smaller than the inductance Lfi of the 
LC filter. From (2), it can be seen that each LC filter has a 
resonance frequency, and an inherent resonance frequency is 
formed by multiple LC filters connected in parallel as follows. 
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Then the magnitude peak of ZoS corresponding to fr1 is 
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When the frequency is much than fr1, i.e., in the high-
frequency band, 1

fiC s <<Lfis+Rfi. Considering the effect of 

line impedances and assuming that Ll1<Ll2<…<Lln and 
Rl1<Rl2<…<Rln, the interaction between LC filters and line 
impedances leads to (n-1) high-frequency resonance 
frequency as follows. 
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The corresponding magnitude peak of ZoS is 
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According to (5), the main reason for the appearance of 
high-frequency resonance is that line inductances Lli 
resonates that the capacitances of LC filters. 

Besides, the ith LC filter will cause resonance with its 
relevant line inductance Lli as follows. 
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The magnitude values in (7) are so tiny that they behave 
as the valley in the magnitude curve.  
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From the above analysis, multiple resonance 
frequencies can be divided into three categories: the first is 
the inherent frequency of the LC filter; the second is the 
high-frequency caused by the line impedance and 
capacitance in the LC filter; the third is the resonance 
frequency caused by each LC filter and the corresponding 
line impedance, which presents a valley characteristic due 
to its small magnitude value. 

B. Design Principle of Load Converter 
The input impedance of the jth load converter with a single 

PI controller can be expressed as  
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where Vbus is the DC bus voltage and Poj (j = 1, 2,…, m) is the 
load power. Here, T(s) = HvGv(s)Gm(s)Gvd_L(s) is the open-
loop gain of the load converter with a voltage-loop controller. 
Gvd_L(s) is the open-loop transfer function of d to Vo. Zin_L(s) is 
the open-loop input impedance. 

It can be seen from (9) that |T(s)|>>1 at low frequencies 
and |ZinLj| can be simplified as V2 

bus/Poj. The input impedance of 
m load converters connected in parallel is expressed as 

2 2
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+ + +
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Thus, multiple load converters connected in parallel can 
be equated to one load converter to supply energy to the load. 

In the low-frequency band, |T(s)| is much larger than 1 and 
ZinL can be simplified as V2 

bus/Po. In the high-frequency band, 
|T(s)| is much smaller than 1, and ZinL is simplified as Zin_L. 
The turning frequency is also the cut-off frequency fc of the 
load converter [18].  

 
Fig.3 Bode plots of ZoS and ZinL with resonance frequencies. 

The bode plots of ZoS and ZinL are depicted in Fig. 3. The 
magnitude of ZoS has n resonance peaks and n resonance 
valleys. At the low-frequency band, the red line of ZinL can be 
regarded as V2 

bus/Po. According to the relationship between ZoS 
and ZinL in Fig. 3, the system stability can be determined as 
follows: 

• If ZoS_p1 > V2 
bus/Po, the phase difference  |φ(ZoS)-φ(ZinL)| 

is greater than 180º, thus oscillation occur at the low-
frequency fr1. 

• If fr1 ≤ fc ≤ fr2_i, the magnitude of ZinL increases linearly 
with frequency and is usually larger than ZoS_p2_i. Even 
if ZinL intersects with the magnitude of ZoS, the phase 
difference |φ(ZoS)-φ(ZinL)| is always smaller than 180º. 
Therefore, there is no high-frequency oscillation. 

• If fc ≥ fr2_i, the system is stable provided that V2 
bus/Po > 

ZoS_p1 and V2 
bus/Po > ZoS_p2_i. Otherwise, the bus voltage 

multiple frequency oscillation. Substituting (6) into     
V2 

bus/Po > ZoS_p2_i, fr2_i for a stable system should be 
larger than the boundary fr2_ib. 
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where ∆=(Rl(n-i)+ Rl(n-i+1))V2 
bus/Po - Rl(n-i)Rl(n-i+1). 

It can be seen from Fig. 3 that there is a magnitude dip at 
fc for ZinL, which is likely to intersect with |ZoS| to generate new 
high-frequency oscillation. The voltage loop of the load 
converter is less effective at fc, making it difficult to achieve 
further improvement. Besides, the influence of fr2_i is 
unavoidable in some cases, fc should be designed to be large 
enough to allow for stability improvements in the next section. 

III. PARALLEL VIRTUAL IMPEDANCE METHOD BASED ON 
DOUBLE-LOOP CONTROL SCHEME 

A. Double-Loop Control in Load Converter 
From the above analysis, a comparative analysis of the 

single-loop and double-loop control is carried out to ensure 
that fc > fr2_ib and to eliminate magnitude dip. Then the stability 
margin of the load converter is very limited. T(s) can be 
expressed as 1∠(φm-180º) at fc. When T(s)<<1, ZinL can be 
equivalent to an inductance. Substituting T(s) into (9), (12) can 
be obtained as follows. 
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As can be seen from (11), the magnitude dip of the load 
converter is mainly related to φm [23]-[24]. When φm=90º, 
|ZinL(fc)| ≈ V2 

bus/Po and magnitude dip can be negligible. Fig. 4 
shows the bode plots of T(s) in (9) with different control 
parameters. As can be seen from Fig. 4, the cut-off frequency 
increases with the control parameter kp increase, but the phase 
margin φm is close to 0. Therefore, it is difficult for a single 
voltage-loop controller to enhance fc and suppress the 
magnitude dip. 

 
Fig. 4 Bode plots of T(s) with different control parameters. 

Therefore, a voltage-current double-loop controller with a 
greater phase margin is considered to suppress magnitude dip. 
A larger fc and higher dynamic response are achieved by the 
inner current-loop controller of the double-loop control 
scheme. After using the double-loop control method, the input 
impedance ZD 

inL of the load converter is expressed as 
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where T'(s) = Tv(s) + Ti(s). Tv(s) = HvGv(s)Gi(s)Gm(s)Gvd_L(s) 
is the outer voltage-loop gain and Ti(s)=HsGi(s)Gm(s)GiLd_L(s) 
is the inner current-loop gain. Here, Hv and Hs are the 
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sampling coefficients, Gi(s) is the current-loop PI controller, 
and GiLd_L(s) is the transfer function of d to iL. The bode plots 
of ZD 

inL and T'(s) are shown in Fig. 5, where fc increases much 
and φm is close to 90º. From Fig. 5, the magnitude dip at fc is 
eliminated in the red magnitude line. 

 
Fig. 5 Bode plots of ZD 

inL and T'(s) with different control parameters. 

B. Virtual Impedance Compensation 
The virtual impedance control schemes based on double-

loop control are similar to those based on voltage-loop control 
[18]. For improving the stability if there are multiple load 
converters, an effective method is to make |φ(ZoS)-φ(Z D 

inL )| 
within 180º by compensating the phase of ZD 

inL, which is called 
the parallel virtual impedance (PVI) method, as shown in Fig. 
6. The perfect input impedance ZinL_P of the load converter can 
be expressed as 
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where fi1 and fi2 are the overlapping frequencies of ZoS and        
ZD 

inL. θi is the phase angle value of the ideal load converter input 
impedance. To ensure that the phase difference is within 180º, 
θi ∈[-90º, 90º]. 

 
Fig.6 Phase compensation with PVI method. 

Fig. 7 shows the control block diagram of the load 
converter with adding double-loop PVI feedback control, as 
shown in the blue solid line, where Gii_L is the open-loop 
transfer function of io to ibus, Gid_L is the open-loop transfer 
function of do to ibus, Gvv_L is the open-loop transfer function 
of vbus to vo, Gvd_L is the open-loop transfer function of do to vo, 
GiLv_L is the open-loop transfer function of vbus to iLo, GiLi_L is 
the open-loop transfer function of io to iLo, and GiLd_L is the 
open-loop transfer function of do to iLo. Zin_L and Zo_L are the 

open-loop input impedance and output impedance of the load 
converter, respectively. The PVI control delivers the bus 
voltage vbus back into the output side of Gv. If one of the load 
converters uses the PVI method, the ideal load converter’s 
input impedance with PVI control can be expressed as 
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where ZD 
inL_P(s)= ZD 

inL1(s)||…||ZD 
inLm(s). 

 
Fig. 7 Control block diagram of the load converter with PVI control strategy. 

Substituting (14) into (13), we have  
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Therefore, to obtain a smooth transfer function, (16) can 
be further expressed as 
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where GBPFi(s) are bandpass filters. 

IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS 
TABLE I. SIMULATION AND EXPERIMENTAL PARAMETERS 

Parameter Value 
bus vlotage Vbus 48 V 

source filter Rf1,2/Lf1,2, Cf1,2 0.1 Ω/1200 μH, 100 μF 
line resistor Rl1, Rl2 0, 0.02 Ω 
line inductor Ll1, Ll2 0, 180 μH 

load output voltage Vo 24 V 
load filter Lo, Co 200 μH, 220 μF 

voltage PI parameter kp, ki 0.5, 100 
current PI parameter kpi, kii 5, 100 

output power Po 200W 
The instability problem is more obvious when the source 

converter is an LC filter. Therefore, two LC filters are used as 
source converters connected to the dc bus to supply the load 
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via the buck converter. The system parameters in the 
simulation and experiment are given in Table 1. Therefore, 
there are two resonance peaks at fr1 of 459 Hz and fr2_1 of 1678 
Hz by (3) and (5). The resonance valley is located at fr3_1 of 
1272Hz by (7). 

 
Fig. 8 Bode plots of ZoS, ZD 

inL, and ZinL_P. 
Fig. 8 shows the bode plot of the input impedance of the 

load converter with the PVI strategy, where ZoS overlaps with 
ZD 

inL  at the calculated values of 459Hz and 1678 Hz. The phase 
difference between ZoS and ZD 

inL is larger than 180º, which 
indicates that the system has two oscillation frequency points. 
Meanwhile, the double-loop control scheme has a cut-off 
frequency, which facilitates stability improvement at a high 
resonance frequency range. The PVI control method (green 
dashed line) compensates for the phase of ZD 

inL at the unstable 
resonance points. It can be seen from Fig. 8 that the phase 
difference is smaller than 180º in the overlapping range. 

 
Fig. 9 Simulation waveforms in the system with a load converter using PVI. 

 
Fig. 10 Simulation waveforms in the system with two load converters using 
PVI. 

Figs. 9 and 10 show the simulation waveforms of DC DPS 
composing an LC filter and two load converters. When a load 
converter uses a PVI control strategy and another does not, the 
simulation waveforms of bus voltage Vbus, load voltage Vo1, 
and load voltage Vo2 as shown in Fig. 9. Fig. 10 illustrates the 
simulation waveforms of bus voltage Vbus and load voltage 
Vo1,2 with two 100W load converters using PVI control 
strategies. As seen in Fig. 9 and 10, the two systems are 
unstable before 0.5s. After starting the PVI control strategy, 
the oscillations in Fig. 9 and 10 are eliminated within several 
oscillation periods. Therefore, connecting PVI in parallel to a 
single load converter has the same effect as connecting PVIs 
in parallel to multiple load converters. To facilitate the design, 
the multiple load converters can be regarded as a load 
converter in the experiment. 

 
Fig. 11 Experimental waveforms of bus voltage Vbus, load voltage Vo, and load 
current Io. 

 
Fig. 12 Fourier analysis of Vbus. 

 
Fig. 13 Experimental waveforms of the load converter with PVI method. 

The experimental waveforms Vbus, Vo, and Io are given in 
Fig. 11. It is apparent from Fig. 10 that the bus voltage has two 
oscillation frequencies. A Fourier analysis of the bus voltage 
Vbus is shown in Fig. 12, from which it can be seen that two  
oscillation frequencies of 430 Hz and 1660 Hz, consistent with 
the results in Fig. 8. To verify the effect of the PVI method, 
Fig. 13 gives the experimental waveforms of Vbus, Vo, and Io 
without virtual impedance and with the PVI method. After the 
PVI method is inserted, the oscillations of Vbus, Vo, and Io are 
manifestly suppressed. The system becomes stable which 
coincides with the theoretical analysis in Section III. 

V. CONCLUSION 
In this paper, resonance problems caused by line 

impedance in multi-source DC distribution power systems are 
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discussed and its small-signal impedance model is established. 
The influence of line impedance on the high-frequency 
resonance is analyzed to obtain the boundary conditions and 
maximum resonance frequency for the instability problem of 
multiple resonance peaks. A reasonable cut-off frequency is 
designed depending on the relationship between the load 
converter’s cut-off frequency and the maximum resonance 
frequency. The load converter is controlled by a double-loop 
controller to obtain a reasonable cut-off frequency and to 
avoid magnitude dip. Using the PVI method based on the 
double-loop control to improve the system stability, the PVI 
control method on a single load converter can effectively 
suppress the system instability problem. Finally, simulation 
and experimental results verify the effectiveness and 
feasibility of the above analysis and method. 
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