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Abstract—In most advanced DC shipboard power systems, 

controlled power converters are conventionally adopted to ensure 

an efficient power flow from generating to load section. In these 

systems, a logical compromise between control targets (i.e. 

bandwidths) and power quality requirements (i.e. voltage/current 

ripples) is necessary to impose a stable dynamics behavior after 

perturbations. Although destabilizing interactions between 

controlled-filtered DC-DC converters are under-study since 

several years, an additional analytical development can help in 

better defining causes/solutions. This work wants to explore 

models and methods to analytically assess the voltage stability in 

converter-dense DC microgrids. The present paper is organized 

as a review, where each step-beyond to the final assessment moves 

from the reduced order modeling and the weighted bandwidth 

aggregation. Several examples and tools are proposed to clarify 

models limits and analytical methods’ applicability. 

Index Terms—DC system, stability, WBM, analytical methods. 

I. INTRODUCTION 

In the last years, the Medium Voltage Direct Current 
technology [1]-[3] is revolutionizing the shipboard electrical 
distribution [4]-[6]. By adopting a power converters-dense 
infrastructure, several are the promised advantages, among the 
most important flexibility in the power routing and resilience in 
presence of faults [7]-[9]. On the other hand, such a strong 
presence of controlled converters in an LC filtered system 
opens serious consequence on system stability after a 
perturbation [10]-[12]. Indeed, tight control bandwidths on the 
converters together with a no-standardized procedure in 
filtering design [13]-[16] can determine a low-damped, or even 
unstable system (i.e. system poles in right half plane) [17]-[19].  

The present paper wants to propose a review on the models 
and methods to assess the system stability in DC shipboard 
microgrids. Most of the time, the discussed approach provides 
closed form analytical solutions, thus limiting the numerical 
calculations to specific cases having high-order equations.

 

II. REDUCED ORDER MODELING 

To reduce the complexity of the stability assessment 
process in a multi-converter DC systems, a possible alternative 
is to reduce, with appropriate assumptions, the order of the 
system. In particular, the filtering stage of the load side 
converter can be neglected for the purpose of the stability 
analysis. This assumption enables the aggregation of multiple 
loads, further simplifying the stability studies. 

A.  Stability Boundary of a Cascade Connected System 

The order reduction hypothesis is verified on a cascade 
connected system, as the one in Fig.1, made up of a generating 
converter and a load one. The analytical stability boundaries of 
the  complete  cascade-connected  system,  Fig.1,  and  of  the  

 

 
Fig. 1. Complete order cascade-connected DC power system [20]. 

 
Fig. 2. Reduced-order cascade-connected DC power system [20]. 
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Fig. 3. Stability conditions on the ω2-ΔV% plane [20]. 

the reduced one, Fig.2, are compared in [20]. In this analysis 
the generating converter is assumed as a ideal voltage source 
with its LC filtering stage, and for the load converter a simple 
integral regulator is used for the voltage control loop, while the 
inner current loop is considered as instantaneous. The input 
admittances of the load converter in Fig. 1 and Fig. 2 are as in 
eq. (1) and (2) respectively:  
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While the global admittance at the output of the generating 
converter for the two systems, ��� , can be found with eq. (3).  

�
 !� � "�� �  #$� % �#&� % �'����������                   (3) 

To find the small-signal stability boundary of the systems, the 
eq. DenYt(s)=0 has to be solved. While for the reduced order 
model the equation is easily solvable, as in (4), the problem is 
more complicated for the complete fifth order model. The 
solutions has however been found in [20] using an alternative 
formulation of the Routh-Hurwitz criterion. The stability 
boundaries for the fifth (red line) and third (green line) order 
models are in Fig. 3, as a function of the bus voltage ripple and 
of the load converter control bandwidth. The stable solutions 
for the third order model are all the ω2-ΔV% combinations that 
are at the left of the green line, while for the fifth order model 
the stable area is represented by the ω2-ΔV% combinations 
above the red line. By comparing the two curves and excluding 
the unfeasible regions (blue/yellow areas in Fig. 3) it is possible 
to visually identify the range of validity of the third order 
modeling hypothesis, thus defining its range of applicability.  

()*+, � �������-�����.�/�������
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B. Weighted Bandwidth Method 

Such a method (WBM) aggregates a multitude of DC-DC 
controlled-load converters supplied from the same bus. It was 
proposed as resolutive in the study of complex radial-zonal 
shipboard power system with hundreds loads [21]. These step-
down buck converters are responsible of controlling (i.e. first-
order dynamics) the voltage on its own resistive load (i.e. 
modeling the demand from a shipboard area), while their LC 
filter is intentionally neglected to reduce the order of the entire 
system.  This  simplification  is  motivated  when  the  control  

 
Fig. 4. Microgrid simplification under modeling assumptions [21]. 

 
Fig. 5. Stability assessment iterative process [21]. 
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bandwidth is sufficiently smaller than then the related filter 
resonance frequency. By hypothesizing a large distance in 
bandwidth between load section’s converters (e.g. 20-1500 
rad/s) and generating part at steady state, the entire system can 
be modeled as in Fig. 4 for what regard the DC stability 
assessment. Then, the load aggregation based on the (5) splitter 
is used to group low-bandwidth controlled loads (i.e. ωk<ωB) as 
a single stabilizing load having GS (6) conductance. Differently, 

979-8-3315-8138-1



high dynamics loads (i.e. ωk>ωB) are forming a single GD 
conductance. The two aggregated loads are respectively 
controlled by ωS (i.e. stabilizing bandwidth) and ωD (i.e. 
destabilizing bandwidth), whose definitions are expressed in 
(7). Here, the conductance ratios mk are obtained by dividing 
the single conductance Gk by the total stabilizing/destabilizing 
conductance (i.e. GS or GD basing on the load dynamics 
characteristic). The resulting ωS and ωD are a sort of center of 
gravity, both capable of aggregating the 
stabilizing/destabilizing nature of the modeled controlled 
converters. When the loads multitude is joined in two loads (i.e. 
ωS,GS and ωD,GD), the iterative procedure in Fig. 5 is adopted 
to define the minimum equivalent stabilizing quota to balance 
the destabilizing one thus ensuring a specified negative-stable 
intersection (i.e. -Λ, where Λ<1) on the Gauss plane (i.e. 
Nyquist stability criterion) [22]. This iterative process exploits 
equation (8a) and (8b) to define step-by-step the intersection on 
real-axis, thus guaranteeing the related stable position. By 
assuming the generating part at steady state and the presence of 
destabilizing converters, the WBM analytical approach plus the 
numerical-iterative process (Fig. 5) can conveniently identify 
the stabilizing power/bandwidth quota for assuring the DC 
system stability. Additional activity can also envisage the 
control bandwidths on generating converters, thus increasing 
the order in differential equations. A third path of development 
may introduce also boost converters functionality or current 
control mode to extend the WBM applicability. 

III. WEIGHTED BANDWIDTH METHOD APPLICATIONS 

The WBM makes it possible to group the loads of a complex 
multi-converter power system into two aggregated sets. By 
simplifying stability evaluation, this aggregation is suitable for 
the preliminary design of power systems and for integration 
into Power Management Systems (PMSs). In particular, 
incorporating stability assessment capabilities into the PMS 
increases overall system reliability and enables the 
implementation of safe reconfiguration strategies within the 
system controller. The reconfiguration process may be 
performed manually, using the stability evaluations as decision 
support [23], or it can be fully automated if an optimization 
framework is embedded in the controller [24]-[25]. Therefore, 
the WBM can be used to define stability maps, thus the best-
stable combination among stabilizing/destabilizing converters. 

A. Stability Maps 

Considering a power system with M loads, as in Fig. 4, the 
loads can be divided into two sets (stabilizing and destabilizing) 
using the WBM. By applying the iterative process described in 
Fig. 5, it is possible to determine, for each combination of (� 0 1� , the corresponding maximum (� that ensures system 
stability. This procedure yields a 3D stability map, such as the 
one in Fig. 6. The map can be intersected at a given 1� to 
obtain 2D stability maps, as in Fig. 7. In the 2D maps, the stable 
operating region for a given 1� is represented by the (2 0 (� 
pairs below the corresponding boundary curve. If the PMS is 
equipped with these stability maps, it can verify system stability 
prior to any load or configuration change, ensuring that the 
operating point remains within the stable region. An example is 
provided in Fig. 8, where a transition across three operating 
points is shown, all of which remain within the stable region.  

 

Fig. 6. 3D stability map, PL=24 MW and ωB=832 rad/s [23]. 

 
Fig. 7. 2D stability map, PL=24 MW and ωB=832 rad/s [23]. 

 

Fig. 8. Operating points transition on 2D stability map [23]. 

B. Optimized Reconfiguration 

While the stability maps introduced in [23] can be an 
effective tool to perform the stability assessment online, they 
require a set of rules or a decision-making algorithm in order to 
be used as an active reconfiguration tool. In [23], the decision 
making process is assigned to a human operator, whereas in 
[24] and [25] the PMS has been equipped with an optimization 
algorithm, eq. (9)-(10). When a load or configuration change is 
requested, the controller first evaluates the stability of the 
resulting operating point before any physical modification is 
applied to the system. If the new operating condition lies within 
the unstable region, the optimization algorithm reduces the 
control bandwidth of the stabilizing loads to obtain an 
equivalent control bandwidth (345 . The achievement of a target 

control bandwidth is enforced as a constraint, eq. (10), while 
the objective function seeks to minimize the deviation of the 
stabilizing control bandwidths from their rated ones, eq. (9). A 
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Fig. 9. Objective function contours [24]. 

 
Fig. 10. Operating condition evolution during the unstable test [25]. 

 
Fig. 11. Operating conditions evolution during the stable test [25]. 

 
Fig. 12. Bus voltage transients (cyan unstable, blue stable) [25]. 

visual representation of the optimization process in given in 
Fig. 9 where a example case study with only two stabilizing 
converter is used as a reference. The use of the stability maps 
in combination with the optimization-based reconfiguration 
strategy is illustrated in Fig. 10 and Fig. 11. These figures show 
the transition between operating points, from an initial 
condition (blue marker) to a final one (red marker). In Fig. 10, 
the final operating condition lies within the unstable region, 
therefore, a reconfiguration is required to maintain system 
stability after the load change. The optimization algorithm 
performs this reconfiguration automatically, prior to any 
physical modification of the system. This effect is shown in Fig. 
11, where the final operating point is shifted into the stable 
region due to the reduction of the control bandwidths of the 
stabilizing loads. To validate the analytical considerations, the 
proposed algorithm is tested using a CHIL configuration. The 
power system is accurately modeled on a Typhoon HIL 604 
platform, while the converter power setpoints and control 
bandwidth adjustments are issued from an external PC on 
which the PMS is implemented. Fig. 12 shows the voltage 
transient on the main DC bus during the operating point 
transitions. At each transition, the voltage exhibits a transient 
response before settling to a new equilibrium. The only 
exception occurs during the final transition: without 
reconfiguration capability, the system enters an unstable 
evolution (cyan trace), whereas PMS with stable 
reconfiguration functionality maintains a stable-dark response. 

C. Simplified analytical approach 

By assuming a global radial model where controlled load 
converters are grouped in stabilizing-destabilizing aggregates, 
the analysis in [26] ensures an analytical-simplified approach in 
the definition of the stability margin. From a first complete 
analysis by complex iterative-numerical loops, a simplified-
conservative method [26] provides a smaller limit bandwidth 
on stabilizing converter (thus more effective in compensating 
for the ωD unstable behavior). The simplified approach is 
considered a good method to quickly define the stability limits. 
If the iterative approach provides the stabilizing control 
bandwidth to perfectly compensate for the destabilizing effect, 
as a matter of fact the analytical value certainly ensures a 
stability margin, while at the same time improving the 
algorithm time-efficiency. 

IV. GENERATING CONVERTERS 

Previous considerations have identified the stability limits 
in a DC controlled system, while assuming a steady-state output 
impedance. This strong assumption is true when the control 
bandwidths on the generating part are substantially (100x) 
smaller than the bandwidths on the load section. Conversely, 
when bandwidths are comparable also the control on the 
generating converters impacts on the global stability.  

A. Nyquist stability analysis 

The Nyquist criterion [22] is a method to evaluate the DC 
system stability by only observing the product Zo(jω)Yi(jω) 
while increasing the frequency ω. By observing this curve on 
Gauss plane, the system stability is certainly proved when the 
curve does not clockwise-encircle the point (-1,0). A 
consequent criterion mostly adopted in industry prefers to 
determine the stability by only verifying if ℜ[Zo·Yi]>-1 when 
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ℑ[Zo·Yi]=0. If the multitude of controlled loads can be 
aggregated by the WBM for Nyquist test, different approach 
when modeling the generating impedance.  

B. Generating Converters Aggregation 

For adopting the Nyquist stability criterion [22], both 
output impedance and input admittance are to be defined. The 
single input admittance (i.e. voltage-controlled DC-DC buck) 
is provided in (1)-(2), while the aggregation of several can 
follow the WBM. For what regards the output impedance, a 
different modeling is necessary. For the initial case of single 
impedance [27], two filtered DC-DC step-down converters on 
the same bus are aggregated as in (11). Then, increasing one 
converter on the generating part determines the impedance 
(12). Finally, the case shown in (13) constitutes the general 
expression for modelling N filtered converters on the same bus. 

"I����#� � ����
������ � ������

����������������������������
                 (11) 

"I����#� � ��������
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  (12) 

"I����#� � �� ∏ �KLK@�
��� ∏ �KLK@� �� ∑ �K  ∏ �MLM@KN�LK@� �∑ �K  ∏ �MLM@KN�LK@�

              (13) 

V. CONCLUSIONS 

The present work has provided a review on models and 
methods to analyze the voltage stability in complex DC 
shipboard power grids. From an initial order reduction on a 
cascaded-converters case, the paper has introduced the 
Weighted Bandwidth Method as resolutive in the stability 
analysis of converters-dense systems. Then, the WBM is 
applied to calibrate the Power Management Systems. Finally, 
the Nyquist criterion is confirmed as resolutive in stability 
assessment, while an impedance aggregation is introduced for 
the modeling of the controlled generating systems. 
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