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Abstract
The Brayton-Moser’s mixed potential theory is a popular approach for large-signal stability analysis of DC-based systems 
with constant power load (CPL). The criterion from the conventional mixed potential theory contains multiple time-varying 
parameters which are complicated for convenient stability analysis hence the need for simplification. On the other hand, 
stability analysis of droop-controlled multiple source converter-based DC systems are scarce. Thus, the large-signal stability 
criterion of a scaled-down droop-controlled multi-terminal MVDC distribution network with CPL using Brayton-Moser’s 
mixed potential theory was simplified and derived to show that CPL power rating, PI control parameters, droop and damp-
ing coefficients have profound effects on the system’s large-signal stability. By way of MATLAB/Simulink simulations, the 
large-signal stability of the MVDC distribution system was observed to reduce with increase in CPL power rating and source 
converter droop coefficients as well as increase with increase in proportionate coefficient values and use of optimized unlike 
non-optimized damping coefficients. Therefore, the droop-controlled MVDC distribution network with optimized PI control 
parameters, droop and damping coefficients have enhanced dynamic response and large-signal stability margin proving the 
accuracy and validity of the simplified large-signal stability criterion.

Keywords CPL · DC voltage droop · Large-signal stability · MVDC distribution network · Mixed potential theory

1 Introduction

Advances in VSC and cable technologies are paving way 
for new electricity market requirements in favor of multi-
terminal VSC–MVDC distribution network integration in 
commercial and industrial applications [1, 2]. The MVDC 
distribution network typically rated 1.5–30 kV, offers power 
systems’ solutions like de-risking VSC-HVDC transmission 
systems, AC distribution network reinforcements, renewable 
energy (RE) integration, railway system applications, urban 
electrification etc. [2–5]. Its feasibility has been proven 
extensively in many researches in the US [6], Germany [7], 
China [8] amongst others from which several aspects have 
emerged as hot research topics namely; dynamic DC voltage 
control, MVDC network stability analysis, MVDC system 

protection investigations and distributed energy resource 
(DERs) integration [2, 7, 8].

In a multi-terminal MVDC distribution system, energy 
sources and loads are connected to the DC distribution bus 
via power converters [1, 6]. Typically, a converter works 
under closed-loop control with non-linear dynamic behav-
ior due to its electronic switching devices. Usually, each 
converter is designed to be stable as a stand-alone unit. 
However when converters are interconnected on the same 
DC bus, they exhibit nonlinear behavior that adds an extra 
element of complexity to the overall system dynamics. When 
observing the system from the DC bus, the load converters 
operating under closed-loop output voltage control display 
constant power load (CPL) characteristics that contrasts the 
voltage-current characteristic of the classical resistive load. 
This CPL effect is a non-linear behavior that causes the 
equivalent incremental negative input resistance that leads 
to a destabilizing subsystem’s interaction problem [9–11].

Many stability studies involving CPL in DC micro-
grids have been investigated using small-signal analysis 
approaches [12–14]. The most popular small-signal sta-
bility analysis methods are the eigenvalue analysis and 
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the impedance-based criteria in which the DC system is 
linearized around an equilibrium point. However, the fea-
sibility of the small-signal analysis is only limited to sys-
tem assessments under small disturbances [14, 15] such 
as load variations or slow parameters changes etc. that are 
quite small that linearization of the system model does not 
affect the accuracy of the stability analysis. Contrastingly, 
large disturbances, such as loss of power generation unit, 
load switching, large variations in load, load rejection, 
CPL effect, short-circuit fault and open lines happen from 
time to time during actual system operation. The large dis-
turbances subject the system into transients where no cer-
tain equilibrium point exists making small-signal stability 
analysis ineffective [16]. Naturally, a large-signal stabil-
ity system is small-signal stable but the converse is not 
certainly true, as large-signal analysis takes into account 
the nonlinear characteristics of the system whereas the 
small-signal analysis does not [17]. In this way, studying 
large-signal stability of an MVDC distribution network is 
crucial for overall system’s stability.

Several research works have been done on large-signal 
stability analysis in DC systems [18], such as the Lyapu-
nov direct method [19], the Takagi–Sugeno fuzzy model-
ling method (TS) [16, 19], the block-diagonalized quadratic 
Lyapunov function (BDQLF) [20], the reverse trajectory 
tracking method [18, 21], the Hamiltonian surface shap-
ing method [22] and the mixed potential theory [23, 24] 
amongst others. The Lyapunov direct method is the most 
widely applied circuit parameter based large-signal analysis 
method. It is capable of estimating the region of asymp-
totic stability (RAS) of an operating point with conservative 
results. Besides, the construction of a Lyapunov function; 
a locally positive definite scalar function about the equi-
librium point is yet to receive consensus leaving room for 
non-uniformity in its formulation. The TS and BDQLF are 
the derivatives of the Lyapunov direct method, hence share 
similar problems of giving conservative RAS estimates. In 
addition, the TS computational burden increases exponen-
tially with the number of nonlinearities, making it ineffec-
tive for higher-order systems. The reverse trajectory tracking 
approach is designed to yield the most accurate RAS esti-
mations. However, it is fundamentally a graphical method 
which cannot present the RAS estimate in an analytical form 
hence impractical for higher-order systems. The Hamiltonian 
surface shaping method derives its stability approximations 
without accounting for the influence of controller parameters 
on system’s stability. It can be observed that none of the five 
methods provide a large-signal stability criterion in an ana-
lytical form covering both circuit and controller parameters. 
In contrast, the mixed potential theory, provides a large-
signal stability criterion involving circuit and controller 

parameters in an analytical form hence more appropriate 
stability tool for DC grids [16, 18–24].

Different large-signal stability studies on DC power sys-
tems have been undertaken using Brayton-Moser mixed 
potential theory. Authors in [25] developed a design-ori-
ented mixed potential theory criterion for a DC distributed 
system with CPL to guarantee large-signal stability. Large-
signal stability analysis of ‘more electric aircraft’ systems 
with CPL was undertaken using mixed potential theory 
alongside Lyapunov stability theorems and estimation of the 
system’s RAS obtained using LaSalle invariance principle 
in [26–28]. In [29], the mixed potential theory is applied to 
investigate the influence of multistage LC filter parameters 
on the large-signal stability of a DC system with CPL. In 
[17], the mixed potential function of a cascaded system is 
determined and the influence of control parameters on the 
large-signal stability examined. The mixed potential func-
tion of a bidirectional DC–DC converter in the bucking 
mode with CPL is ascertained and the impact of controller 
limitations on large-signal stability investigated in [30]. The 
large-signal stability criterion based on the mixed poten-
tial theory is derived in [31], and the investigations found 
coincident with Hopf bifurcation stability analysis. In the 
aforementioned researches, the DC bus voltage is controlled 
by one converter while studies involving stability of multiple 
converters under droop control remain scarce hence the need 
for more investigations.

Increasing penetration of power converter-based systems 
(PCBS) deteriorates the equivalent inertia and damping risk-
ing the stability of power system. Thus, virtual inertia/syn-
thetic inertia implemented in the primary control strategy 
of the PCBS that enables it imitate the inertia response of 
the conventional synchronous generator was proposed to 
improve the dynamic response and stability of the system 
[32]. In AC and DC networks, the virtual inertia facilitates 
frequency regulation as well as control variations in DC 
voltage respectively [33–35]. In the multi-terminal MVDC 
distribution network as a typical PCBS, integration of virtual 
inertia in its droop-based scheme in [36] improve accuracy 
of power sharing in the VSCs as well as regulate DC voltage 
deviations with enhanced damping and dynamic response.

Therefore, this paper analyzes the large-signal stability of 
a droop-controlled multi-terminal MVDC distribution net-
work with CPL. The paper is organized as follows; Sect. 2 
outlines the MVDC distribution grid structure. The Bray-
ton–Moser’s mixed potential theory on large-signal stability 
is outlined in Sect. 3. Section 4 presents droop control with 
virtual inertia. The particle swarm optimization (PSO) algo-
rithm for the MVDC network control parameters is outlined 
in Sect. 5. In Sect. 6, the simulation results are given. Lastly, 
Sect. 7 draws the conclusion.
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2  MVDC Distribution Network Structure

In Fig. 1, the droop-controlled multi-terminal MVDC distri-
bution network under investigation is shown. The MVDC bus 
facilitates the interaction of the AC grids, wind power unit and 
solar PV, as well as AC and DC loads [36]. The wind genera-
tor operates on constant power while the PV system works at 
maximum power point tracking (MPPT) mode hence both REs 
are seen as a lumped constant power source (CPS). The AC 
and DC loads are typical CPLs. The CPS is seen as a negative 
CPL hence together with typical CPLs are represented as a 
lumped CPL [37]. As a result, the system can be reduced to a 
cascaded connection of power converters in which the power 
source supplies the DC bus through the source converter 
whereas the load consumes from the bus via a load converter. 
The use of buck converters is popular in many studies involv-
ing such forms of cascaded systems including DC microgrids 
[17, 37, 38]. Figure 2 shows the simplified MVDC distribution 
network topology and the equivalent circuit for large-signal 
stability studies.

Assuming the basic model in Fig. 2a; the state-space equa-
tions for the system can be given as;

(1)
L1

di1

dt
= d1v1 − r1i1 − vbus

C1

dvbus

dt
= i1 − ibus

where  d1 and  d2 are the duty cycles of the buck converters 
1 and 2 respectively.

3  Brayton‑Moser’s Mixed Potential Theory 
Criterion on Large‑Signal Stability

The mixed potential theory was proposed under the gen-
eral assumptions of the Kirchhoff’s laws for constructing 
the Lyapunov function of a system for large-signal stabil-
ity analysis. The approach is used in estimating a large 
region containing the equilibrium point and the RAS. 
This approach shows the dynamics of a nonlinear circuit 
in which every branch current and voltage can be obtained 
from a set of inductor currents and capacitor voltages. The 
network can be described by the differential equations [23] 
as follows:

(2)
L2

di2

dt
= d2vbus − r2i2 − v0

C2

dv0

dt
= i2 −

v0

rL

Fig. 1  0 MVDC Distribution Network

(a)

(b)

Fig. 2  Cascaded Converters (a) Single  Source-Load (b) Multiple 
Source-Single Load
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where P(i,v) is a scalar mixed potential function of the net-
work used to build the Lyapunov energy function for the 
nonlinear system, i is the current in the inductors, v is the 
voltage of the capacitors, L and C are the nonlinear cur-
rent and voltage dependent matrices respectively contain-
ing inductance and capacitance. It should be noted that the 
mixed potential function relates the distribution circuit struc-
ture of the inductor, capacitor and non-storage element.

The mixed potential function can be expressed to account 
for the current potential function of the non-energy storage 
element as well as the energy of the capacitor branch as;

where r and s are the number of inductor and capacitor 
branches respectively. The mixed potential function can be 
constructed according to (4) using the procedure below:

 i. Calculate the current potential function of all non-
energy storage elements in the circuit.

 ii. Calculate the energy contained in the capacitive ele-
ment i.e. the product of current and voltage for all 
capacitor branches.

 iii. Add (i) and (ii) to get the mixed potential function.

Thus the general mixed potential function is given as.

where A(i) and B(v) are current and voltage potential func-
tion respectively, γ.is the circuit topology based constant 
matrix with elements ± 1 depending on the nature of the 
network topology, whereas α is a constant vector.

The mixed potential function has three related stability 
theorems for large-signal stability of nonlinear circuits. The 
current and voltage potential functions are the first and sec-
ond stability theorems respectively that are largely linear and 
inappropriate for this study. The third stability theorem gives a 
theoretical foundation for solving the stability boundary of the 
system subjected to large-signal disturbances. Thus the third 
theorem states that; if

for all i, v; then

(3)
L
di�

dt
=

�P(i, v)

�i�

C
dv�

dt
= −

�P(i, v)

�v�

(4)P,(i, v) = ∫
∑
𝜇>r+s

v𝜇di𝜇 +

r+s∑
𝜎=r+1

i𝜎v𝜎

(5)P(i, v) = −A(i) + B(v) + (i, �v − �)

(6)𝜇1 + 𝜇2 ≥ 𝛿, 𝛿 > 0

(7)
P∗(i, v) =

�1 − �2

2
P(i, v) +

1

2
PT
i
L−1
s
Pi +

1

2
PT
v
C−1Pv → ∞

as |i| +|v|→ ∞. All the solutions of the system will 
tend to a stable equilibrium point as t → ∞ guaranteeing 
large-signal stability, [24] where μ1 and μ2 are the smallest 
Eigen-values of the first order matrices  L−1/2*Aii*L−1/2 and 
 C−1/2*Bvv*C−1/2 for all i and v respectively. Other terms 
are defined as;

Considering a droop controller in buck converter 1 
in the cascaded system in Fig. 2(a), Fig. 3 can be drawn 
to illustrate the simplified system. The source converter 
incorporates a double closed-loop scheme whereas a load 
converter reduces to a CPL.

The control system of the source converter can be 
described using the following expressions; where  Rd is 
the droop coefficient.

The mixed potential function of the system can be writ-
ten in the form similar to (4) as;

(8)Pi =
�P(i, v)

�i
;Pv = −

�P(i, v)

�v

(9)Aii(i) =
�2A(i)

�i2
;Bvv(v) = −

�2B(v)

�v2

(10)

i1ref=kvp
[
Vbusref − Vbus − Rdi1

]
+ kvi

t

∫
0

[
Vbusref − Vbus − Rdi1

]
dt

d1=kip
[
Iref − i1

]
+ kii

t

∫
0

[
Iref − i1

]
dt

(a)

Fig. 3  Cascaded System; (a). Simplified (b). Equivalent Circuit
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When (11) is introduced in (3), an accurate mixed poten-
tial theory function can be realized as;

The mixed potential function can be transformed to an 
even expression in (5) as;

Rewriting in terms of (9) based on the third stability theo-
rem results into;

From (1);  i1 is given by;

neglecting the time-varying item where  d1 is given in (10). 
Ignoring the integral terms in (10)  d1 can be substituted 
accordingly in (15) to give;

The partial differentiation in (14) is given by;

Applying the mixed potential theorem for large-signal 
stability, the following relations are obtained;

(11)

P(i, v) =

⎛⎜⎜⎝

i1

∫
0

vbusdi1 −

ibus

∫
0

PCPL

ibus
dibus

⎞⎟⎟⎠
+

�
−vbus

�
i1 −

PCPL

vbus

��

P(i, v) =

⎛
⎜⎜⎝
vbusi1 −

vbus

∫
0

i1dv1 − PCPL +

vbus

∫
0

PCPL

vbus
dvbus

⎞
⎟⎟⎠
+

�
−vbusi1 + PCPL

�

P(i, v) =

vbus

∫
0

PCPL

vbus
dvbus −

vbus

∫
0

i1dvbus

(12)−C1

dvbus

dt
=

�P(i, v)

�vbus
=

PCPL

vbus
− i1

(13)

A(i) = 0

B(v) =

vbus

∫
0

PCPL

vbus
dvbus −

vbus

∫
0

i1dvbus

i, �v − � = 0

(14)

Aii(i) =
�2A(i1)

�i2
1

= 0

Bvv(v) =
�2B(vbus)

�v2
bus

= −
PCPL

v2
bus

−
�i1

�vbus

(15)i1 =
d1v1 − vbus

r1

(16)i1 =

(
v1kipkvpvbusref − vbus

[
v1kipkvp − 1

])

r1 + v1kip
[
kvpRd + 1

]

(17)Bvv(v) =
�2B(v)

�v2
bus

= −
PCPL

v2
bus

+
v1kipkvp

r1 + v1kip
[
kvpRd + 1

]

Based on (5), the criterion for large-signal stability is 
derived as;

where  Pcpl,  vbus,  v1,  Kvp/Kip,  r1 and  Rd represents the CPL 
rating, DC bus voltage, input voltage, the proportionate 
coefficient of the outer voltage and current control loops of 
the converter, parasitic resistance and the droop coefficient 
respectively.

4  Integrating Virtual Inertia Control

In this research work, virtual inertia is incorporated in the 
DC voltage droop control scheme of the MVDC distribution 
system. The converter integrated with virtual inertia have 
similar features as the synchronous generator swing equation 
in (20); where Sn is the synchronous generator rated capac-
ity, H is the inertia time constant, J is the moment of inertia 
of the synchronous generator, ω is its mechanical angular 
velocity,  Tm is the synchronous generator mechanical torque, 
 Te is its electromagnetic torque,  Td is its damping torque, D 
is its damping coefficient and ωo is the synchronous angular 
velocity of the grid.

The fundamental equation for the DC voltage droop con-
troller is given by:

where v is the measured voltage,  vref is the reference voltage, 
 Rd is the droop coefficient, i is the measured current and  iref 
is the reference current. Reorganizing (21), the following 
expression is realized:

Comparing the right-hand-side of (20) and (22); the ‘tor-
ques’ are analogous to ‘currents’ whereas ‘velocities’ are 
comparable to ‘voltages.’ In this way, the time derivative 
term of voltage i.e. across the capacitor side of the converter 
can be added to the left-hand side of (22), to give;

(18)

u1 = min
[
�
(
L−0.5AiiL

−0.5
)]

= 0

u2 = min
[
�
(
C−0.5BvvC

−0.5
)]

= −
PCPL

v2
bus

+
v1kipkvp

r1 + v1kip
[
kvpRd + 1

]

(19)
PCPL

v2
bus

<
v1kipkvp

r1 + v1kip
[
kvpRd + 1

]

(20)
J
d�

dt
= Tm − Te − Td

J
d�

dt
= Tm − Te − D(� − �0) where J = H

Sn

�2

0

(21)v = vref − Rd

(
i − iref

)

(22)0 =
(
iref − i

)
−

1

Rd

[
v − vref

]
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where  K1 is a constant.
Rewriting (23), the following expression is realized:

where  K1Rd is a constant.
It can be realized that the time derivative of the voltage 

across the capacitor is proportional to the capacitor current. 
Therefore, replacing the last term on the right-hand-side in 
(24) gives;

where  Kd is the damping coefficient in the virtual inertia-
based controller and  ic is the capacitor current.

In this way, a negative feedback term  Kdic is used in the 
voltage control loop to provide a desirable amount of damp-
ing to improve the dynamic response of the droop-based 
controlled MVDC system with virtual inertia. When opti-
mized  Kd values derived from optimization algorithms are 
applied, the system’s dynamic performance is considerably 
improved. In this study, particle swarm optimization (PSO) 
algorithm is used in MATLAB to find the optimal param-
eters for the PI controllers including the damping coefficient 
 (Kd) of the system. Figure 4 shows the DC voltage droop 
with virtual inertia control.

5  Particle Swarm Optimization Algorithm

PSO algorithm offers a strong ability to solving problems 
characterized by nonlinearity/non-differentiability, multiple 
optima and high dimensionality. Its logic is derived from 
the swarming intelligence in flocks of birds, fish shoals or 
insects [39]. Consider a group of N individuals called parti-
cles that move together in steps in a defined region or solu-
tion space. At each step k, the objective function is evalu-
ated for each particle then recorded along with its current 

(23)K1

dv

dt
=
(
iref − i

)
−

1

Rd

[
v − vref

]

(24)v = vref − Rd

(
i − iref

)
− K1Rd

dv

dt

(25)v = vref − Rd

(
i − iref

)
− Kdic

position  xi. Before moving to the next step, the algorithm 
adjusts the velocity vector  vi of each particle towards a new 
position determined by the best position found by the swarm 
 (gb) and also by the particle itself  (Pb). Subsequently, many 
studies have been carried out to improve the performance 
of the PSO regarding speed of convergence as well as make 
sure that the algorithm doesn’t get stuck at a local mini-
mum. The velocities and the positions of the particles can 
be updated using (26) and (27) [40, 41];

where  r12 are generated random numbers between [0,1];  c12 
are the learning factors defined by the designer.

Designers have various choices when assessing the PI 
controller performance in the frequency-domain analysis. 
The criteria include the: integral squared error (ISE), inte-
gral time-weighted square error (ITSE), integral absolute 
error (IAE), and integral time-weighted absolute error 
(ITAE). Each of these integral performance criteria has its 
own advantages and limitations regarding error minimi-
zation rapidity, rise time, settling time, steady-state error, 
complexity and time-consumption of the analytical formula. 
The ITAE criterion presents a good compromise between 
a comparatively higher time performance (rise time) and a 
comparatively lower error-minimization performance (over-
shoot). Equation (28) shows the formula of ITAE criterion:

In this paper, the ITAE is used for assessing the PI con-
troller performance. Figure 5 shows the PSO optimization 
using ITAE. A set of good Kp and Ki control parameters will 
come with a minimal computed value of the chosen perfor-
mance criterion in time domain including the overshoot, rise 
time, settling time, and steady-state error. Therefore, when 
controlling the dynamic frequency response of the system, 

(26)vk+1
i

= wvk
i
+ c1r1(pbi − xk

i
) + c2r2(gbi − xk

i
)

(27)xk+1
i

= xk
i
+ vk+1

i

(28)ITAE = ∫
∞

0

t.|e(t)|dt

Fig. 4  DC voltage droop with virtual inertia control Fig. 5  PSO Parameter Optimization using ITAE
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the objective function which is the fitness or cost function 
to be minimized is the ITAE of the voltage deviation due to 
a unit step input given as:

The challenge in this study is to minimize at once both 
performance indicators function in one PSO algorithm. To 
solve this problem, an ITAE is employed at the output of 
each source converter. In this way, minimizing the summa-
tion implies minimizing each ITAE. Hence our fitness func-
tion can be mathematically described as (30):

The summary of the PI controllers’ parameter optimiza-
tion using PSO is shown in Fig. 6.

Typically, the system’s oscillatory response depends on 
the damping of the system and the mode of the damped 
natural frequency. Therefore, the optimization function in 
(31) is defined and minimized using PSO [42] to realize an 
optimal  Kd.

where, λk is the  kth Eigen-value, ξk is the damping ratio of 
the  kth Eigen-value, and NST is the number of system states.

The objective function in (31) is realized when the domi-
nant Eigen-value has the largest negative real part and good 
damping at all modes hence good dynamic response.

6  Results

6.1  Test System

A scaled-down MVDC distribution network consisting of 
two identical parallel droop control-based buck converters 1 
and 2 supplying a CPL (through buck converter 3) in Fig. 7 
is modelled and studied in MATLAB/Simulink. The con-
trollers in Figs. 3, 4 are employed in the source converters 
during the investigations. Table 1 show the parameters of the 
MVDC distribution system.

(29)FitnessITAE = ∫
∞

0

t.||ΔVref − ΔV(t)||dt

(30)

ITAE 1 = ∫
∞

0

t.|e(t)|dt

ITAE 2 = ∫
∞

0

t.|e(t)|dt
FitnessITAE = ITAE1 + ITAE2

FitnessITAE = ∫
∞

0

t.||ΔVref1 − ΔV1(t)
||dt + ∫

∞

0

t.||ΔVref2 − ΔV2(t)
||dt

(31)

Minimize; OF = Max
∀k∈|1,2,....,NST|

(
Real�k}

)
+

NST∑
k=1

(
1 − �k

)

6.2  Influence of CPL Rating on the Large‑Signal 
Stability

Investigations on the effects of CPL power rating on the 
large-signal stability criterion derived in Sect. 3 are under-
taken on the MVDC distribution network. The  Pcpl rating 
in the network under the droop control strategy is varied 
around the maximum allowable  Pcpl of 943 W obtained in 
(19). Figure 8 shows the performance of DC voltage and 
power in the system under varying CPL. Neglecting the 
starting transients, it can be noted from the output volt-
age and power of the source converters 1 and 2 as well as 

Fig. 6  PSO PI Parameter Optimization
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the DC bus voltage  (Vbus) that when the CPL is loaded 
with the initial 700 W and then a further increase made 
to 950 W at t = 0.2 s, the system is stable. The CPL load-
ing of 950 W is slightly more than the allowable CPL 
rating derived from the Brayton-Moser’s mixed potential 
theory for large-signal stability because it provides a suf-
ficient condition for stability. However, when the CPL is 
increased to 1200 W at t = 0.4 s, the system’s bus voltage 

and power starts to heavily oscillate and does not regain 
its equilibrium point. In effect as the CPL power rating 
increases, the system tend towards marginal stability and 
completely fails when the loading surpasses this point.

6.3  Controller Parameters Variations 
on the Large‑signal Stability

In this case, the effect of varying the droop coefficients of 
the MVDC distribution system at a constant CPL of 700 W 
is studied. Figure 9 shows the effect of varying the droop 
coefficients in the system when the source converters 1 and 
2 are considered with increasing droop coefficients  (Rd) of 
0.1/0.01; 0.5/0.1 and 0.8/0.6 respectively. When the droop 
coefficient is changed from the lowest values to the middle 
coefficient set, a voltage drop of about 2.6% is realized. A 
further increase from the middle set to the highest coef-
ficient set results in a larger voltage drop of about 5.7%. It 
can be observed that higher droop coefficients have severe 
impacts on the bus voltage of the system. The study also 
confirms that a converter with a smaller droop coefficient 
(converter 1) shares more power.

The influence of variations in the proportional (P) con-
troller coefficients on the voltage and current controllers 
in the source converters at constant droop coefficient and 
load displayed in Table 1 are studied. Figure 10 shows 
the effect of varying the P-value in the DC voltage droop 
control. The  Kpv and  Kpi parameters are varied in increas-
ing order in source converters 1 and 2 as follows; 0.09/15; 
0.1/20 and 0.9/30. It can be observed that the start-up 
oscillations in the MVDC system’s voltage and power 
decreases with increase in the P-parameters.

Fig. 7  MVDC Distribution Network for Large-signal Stability Studies

Table 1  Parameters of the MVDC Network

No Parameters Nominal value

1 Buck Input Voltage 200 V
2 Buck Converter Resistance/Inductance 0.2 Ω /0.1e−3 H
3 Buck Converter Capacitance 1000e−6 µF
4 DC Bus Voltage 100 V
5 Transmission Line along each converter

R 0.5 Ω
L 30e−6 H

6 CPL Power  (PCPL) 700 W
7 Buck Converters1/2 Droop Coefficients:

Rd1 0.8
Rd2 0.6

8 Outer Controller: PI Parameters
Kvp 0.1
Kvi 80

9 Inner Controller: PI Parameters:
Kip 20
Kii 100

10 Buck Converter (Load Side): Voltage Con-
trolled

Kp 0.1
Kv 120

11 DC Load Voltage 30 V
12 Converter Switching Frequency 20KHz

Fig. 8  Influence of increasing CPL rating on Voltage and Power
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6.4  Effect of Damping Coefficients on Large‑Signal 
Stability

In this study, the droop-controlled MVDC system with and 
without virtual inertia are comparatively analyzed with 

varying loads from 700 W as shown in Fig. 11. The damping 
coefficients are evaluated as  Kd = 0 (without virtual inertia), 
 Kd = 2 (un-optimized damping coefficient) and  Kd = 5.027 
(optimized coefficient using PSO).

Fig. 9  Effect of increasing Droop Coefficients; (a).  Rd1/
Rd2 = 0.1/0.01; (b).  Rd1/Rd2 = 0.5/0.1 and (c).  Rd1/Rd2 = 0.8/0.6 Fig. 10  Effect of increasing Proportional (P) Controller Coefficients; 

(a).  Kpv/Kpi = 0.09/15; (b).  Kpv/Kpi = 0.1/20 and (c).  Kpv/Kpi = 0.9/30
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During start-up for about 60 ms, the system without vir-
tual inertia has some significant oscillations in voltage and 
power at the output of the source converters 1 and 2 as well 
as the DC bus voltage. In contrast, the system having inertia 

with a randomly chosen low non-optimized  Kd = 2 as well 
as that with an optimized  Kd = 5.027 has virtually no oscil-
lations during this period.

When the system is loaded to 950  W, 1200  W and 
1450 W at t = 0.2 s; t = 0.4 s and t = 0.6 s respectively, inten-
sive voltage and power oscillations are experienced when 
without virtual inertia. The stability margin of the system is 
restricted to a CPL rating of about 950 W which is around 
the 943 W obtained from the large-signal stability criterion 
in (19). In the system with virtual inertia with un-optimized 
 Kd value, some oscillations are encountered whereas the 
optimized  Kd records none. In this way, when the system 
is incorporated with virtual inertia having optimized  Kd, 
its large-signal stability margin extends increasing the size 
of the CPL rating that the system can withstand to about 
1450 W which is 1.5 times the CPL rating without virtual 
inertia.

7  Conclusion

In this study, the large-signal stability criterion of a scaled-
down droop-controlled multi-terminal MVDC distribution 
network with CPL using Brayton-Moser’s mixed potential 
theory was simplified and derived, showing that the CPL 
power rating, PI control parameters, droop and damping 
coefficients have profound effects on the system’s large-sig-
nal stability. By way of MATLAB/Simulink simulations, the 
large-signal stability of the MVDC distribution system was 
observed to reduce with increase in CPL power rating and 
source converter droop coefficients as well as increase with 
increase in proportionate coefficient values and use of opti-
mized unlike non-optimized damping coefficients. There-
fore, the droop-controlled MVDC distribution network with 
optimized PI control parameters, droop and damping coef-
ficients have enhanced dynamic response and large-signal 
stability margin proving the accuracy and validity of the 
simplified large-signal stability criterion.
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