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Abstract—Large disturbance scenarios, such as pulse power load
operation and load switching are commonly seen in the operation
of dc microgrids. The mixed potential theory-based large-signal
stability (LSS) analysis is a simple and practical method for in-
vestigating the LSS of dc microgrids. However, this method is
characterized by conservatism, and produces conservative stability
criterion results. When they are applied to the parameter designs of
dc microgrids, they create excessive control parameter redundan-
cies; when used for running status estimations, they may cause the
system to be misjudged as unstable, and trigger unnecessary pro-
tective actions when the system runs into the conservative region.
This paper presents a comprehensive analysis of the conservatism,
revealing its main causes to be the idealization of the load con-
verter’s response characteristics, and the lack of refined models.
It then proposes a novel, improved analysis method for transient
response characteristics of the load converter. Experimental and
simulation results using the improved method have validated it by
showing that the conservatism of the traditional method had been
eliminated, and the stability criterion obtained was more accurate.

Index Terms—Conservatism, dc microgrid, large signal stabil-
ity(LSS), mixed potential theory(MPT), stability criterion.

I. INTRODUCTION

IN ORDER to address the problem of environmental dete-
rioration and the depletion of traditional fossil fuel energy,

dc microgrids, with their advantage in seamless integration of
distributed energy resources into utility grids, have drawn the
attention of researchers in academia and the industry [1]. As
of now, dc microgrids have been widely used in the fields of
ship [2], electric vehicles [3], data center [4], household [5], and
aircraft [6]. With the rapid development of microgrid applica-
tions, a large number of distributed energy resources have been
integrated into utility grids indirectly, and in many cases, user
loads are powered by the grid via power electronic converters
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[7]. However, the converter-driven load, with tight regulation, is
characterized by negative incremental impedance [or constant
power load (CPL)] which will cause decreases of the stability
margin or even system-wide destabilization [8].

Most stability studies for CPL in dc microgrids has been
performed using small-signal analysis [9]. Small-signal stability
analysis is commonly done with either an eigenvalue-based or
impedance-based approach [10], both of which need to linearize
the system around the equilibrium point. Although the validity
of small-signal analysis has been verified in previous studies, it is
only applicable to system estimations under small disturbances.
In contrast, actual operation may involve large disturbances,
such as pulse power load, load switching, or fault events, all of
which will bring the system into a transient response stage where
no definite equilibrium point can be found, and the intrinsic
nonlinearity of the studied system cannot be omitted, rendering
small-signal stability analysis ineffective [11]. An LSS system is
naturally small-signal stable but the opposite is not necessarily
true, as large-signal analysis has to take account of the system’s
nonlinear character, while small-signal analysis does not [12].

For the target of global stability, it is imperative to study the
LSS of dc microgrids. Some work has been done on LSS analy-
sis in recent years [13], such as the Lyapunov direct method [1],
the Takagi–Sugeno fuzzy model method (TS) [11], the mixed
potential theory (MPT) [14], the block-diagonalized quadratic
Lyapunov function (BDQLF) [15], the reverse trajectory track-
ing method [16], the Hamiltonian surface shaping method [17],
and so on. The Lyapunov direct method is the most widely used
and is capable of estimating the region of attraction (ROA) of
a stable operating point, but its results tend to be conservative.
Another problem is that there had yet to be a widely accepted
theory on how to construct Lyapunov functions, which are usu-
ally formulated based on the designers’ personal experience.
TS and BDQLF are derived from the Lyapunov direct method,
and share the problem of making conservative ROA estimations.
Additionally, the computational complexity of TS increases ex-
ponentially with the number of nonlinearities, which makes TS
ill-suited for higher-order systems [1]. The reverse trajectory
tracking method can yield the most accurate ROA estimations,
but it is essentially a graphical approach, and cannot represent
the ROA in an analytic form, and thus is still not practical
for higher-order systems [13]. The Hamiltonian surface shap-
ing method gains accuracy through not using any simplifying
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Fig. 1. Diagram of a typical dc microgrid. (a) Architecture. (b) Basic form.

approximations [17], but does not account for the influence of
controller parameters on system stability. In addition, none of
the five methods can provide a stability criterion in analytic
form that covers both circuit and controller parameters. For in-
stance, Lyapunov direct method and Hamiltonian surface shap-
ing method can only provide a circuit parameter based stability
criterion. Mixed potential theory, by contrast, is a more suit-
able tool for LSS analysis of dc microgrid, for it can provide
a stability criterion in analytic form and this criterion involve
both circuit parameters and controller parameters, useful for
researchers in further investigations and improvements.

Since Brayton and Moser first proposed MPT [14], there had
been follow-up studies devoted to the LSS analysis of dc power
systems. Belkhayat et al. [18] developed a design-oriented MPT-
based criterion for dc distributed systems with CPL to ensure
LSS. [19]–[21] applied LSS analysis to aircraft power systems
with CPL, each study obtained a stability criterion using MPT,
and the ROA of system is determined by LaSalle invariance prin-
ciple [20], [21]. Liu et al. [22]–[24] proposed design guidelines
for various types of LC filters based on MPT. The generally ac-
cepted dc microgrid architecture usually consists of a common
dc bus, a wind turbine system, a photovoltaic system, a grid-
integrated converter, an energy storage system, and an ac and/or
dc loads system, as shown in Fig. 1(a) [25]. These subsystems
are all connected to the common dc bus via their respective con-
verters. As a consequence, the studies above [18]–[24] are not
suitable for dc microgrids because they all described CPL pow-
ered by the dc power source, whereas the CPL in dc microgrids
are powered by source converters. There had also been studies

on LSS for CPL powered by source converter. Du et al. [12]
utilized MPT for LSS analysis on a cascaded system; while the
method proved valid, the source converter utilized a traditional
compensation circuit, as opposed to a digital controller, which
has been increasingly widespread [26], [27]. Huang et al. [28]
investigated the LSS of photovoltaic-battery hybrid power sys-
tems based on MPT, and obtained the LSS boundaries of circuit
and controller parameters, but the accuracy of the boundaries
had not been verified. In [7], the LSS of three-phase voltage
source converters under grid voltage dips was examined based
on MPT, and the conservatism of the obtained LSS boundaries
was verified, but further study on conservatism of boundaries
has not been carried out.

A common feature of the above findings is that all stability
boundaries obtained via MPT had been characterized by con-
servatism, and this issue has yet to be addressed. Adherence to
a conservative stability criterion gives a strong guarantee on the
stability of the system. However, when using such conserva-
tive stability criterion as the guideline for dc microgrid designs,
the need to preserve margins during the design process will
require greater redundancies in control parameters. Too many
redundancies will make the overall system closer to a first-order
inertial system, at the cost of the source converter’s response
speed. Moreover, when the microgrid’s operation monitoring is
based on the conservative criterion, it is possible for the system
to be misjudged as unstable and trigger protective actions when
load power is still in an acceptable range. Therefore, in order
to improve the accuracy of MPT-based stability analysis, and
develop more reliable dc microgrids, there is a great need to
find the primary causes of the MPT method’s conservatism, and
investigate approaches to eliminate it.

To address the issue, this paper starts by reviewing previous
results of MPT-based analysis, and finds that they had all sim-
plified the model by treating the loads with related converters
as CPL. However, it is obvious that the transient responses of
converter-powered loads under large disturbances differ from
those of the ideal CPL, which means stability conclusions de-
rived from the simplified model may deviate from reality. Based
on this, an improved MPT-based method is proposed that ac-
counts for the transient characteristics of the load converter to
eliminate the conservatism of original method.

The remaining of the paper is organized as follows. Section II
presents the system being studied, and derives the detailed math-
ematical model based on state space average method for each
converter. Section III introduces the stability theorem of MPT,
and derives the system’s LSS criterion based on the traditional
MPT method. Section IV analyzes the causes of conservatism
in the preceding method, and proposes an improved MPT-based
approach to LSS analysis. Experimental verifications are pro-
vided in Section V. Finally, the conclusion of this paper is given
in Section VI.

II. MODEL DESCRIPTION

Since the concept of dc microgrid was proposed, different
kinds of topologies have been derived. A typical topology of a
dc microgrid is shown in Fig. 1(a). A dc bus is used to facilitate
energy interaction between the main grid (MG), the distributed
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Fig. 2. Diagram of a cascaded system.

TABLE I
CASCADED SYSTEM PARAMETERS

generation system (DG), loads and the energy storage system
(ESS). Fig. 1(b) shows the most basic form of dc microgrid,
consisting of a source converter, a load converter and a dc bus.

A dc microgrid can operate under grid-connected or off-grid
modes, and its MG, DG, and ESS also have different control
modes, such as master–slave or droop control mode. For ex-
ample, when a dc microgrid operates under the grid-connected
mode with MG as the master source in master–slave control, the
grid-integrated converter will be the source converter, and the
remaining converters will the load converter. On the other hand,
in a dc microgrid under off-grid droop control, the converters
for DG and ESS will be regarded as the source converter, with
the rest as the load converter. Therefore, the stability of cas-
caded converter systems can be used as a basis for investigating
the overall stability of dc microgrids [12]. Without loss of gen-
erality, this paper examines a cascaded system with ESS as its
power source. The diagram of studied system is shown in Fig. 2,
which consist of two Buck converters, one as the source con-
verter and the other as the load converter. The parameters of the
cascaded system are summarized in Table I. Based on the state
space averaging method, the source and load converters can be
respectively modeled by (1) and (2).

⎧
⎪⎨

⎪⎩

L1
di1
dt

= d1Vs − R1i1 − vbus

C1
dvbus

dt
= i1 − ibus

(1)

⎧
⎪⎨

⎪⎩

L2
di2
dt

= d2vbus − R2i2 − vout

C2
dvout

dt
= i2 − vout

RL

(2)

where d1 and d2 are duty cycles of the modulating signals of S1
and S2 respectively. The LSS analysis will be performed in the
following sections.

III. TRADITIONAL LSS CRITERION BASED ON MPT

The MPT was first put forward in 1964 [14], when it was
used to investigate the stability of nonlinear circuits, before it
was applied to power electronic systems. It can provide the LSS
criterion in analytic form for estimating stability boundaries,
which is convenient for designers and researchers. In this sec-
tion, the MPT with its related stability theorem is introduced,
and the LSS criterion of the studied system is obtained via the
traditional method.

A. Introduction to the MPT

Based on Kirchhoff’s law, the differential equation of a non-
linear circuit can be expressed as follows:

⎧
⎪⎨

⎪⎩

L
diρ
dt

=
∂P (i, v)

∂iρ

C
dvσ

dt
= −∂P (i, v)

∂vσ

(3)

where iρ are current of inductors and vσ are voltage of ca-
pacitors. P (i, v) refers to the mixed potential function which
is a Lyapunov type energy function [12]. The mixed potential
function can be expressed as follows:

P (i, v) =
∫ ∑

μ>r+s

vμdiμ +
r + s∑

σ=r+1

iσ vσ (4)

where r is the number of inductor branches and s is the num-
ber of capacitor branches. The procedures for constructing the
mixed potential function can be performed according to (4) as
follows:

1) Calculate the current potential function of all non-energy
storage element branches.

2) Calculate the product of current and voltage for all capac-
itor branches.

3) Add up the two items above.
Then, the unified form of mixed potential function is obtained

as follows:

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

where A (i) is the current potential function, B (v) is the volt-
age potential function, γ is a circuit structure-related constant
matrix, and α is a constant vector. There are three related sta-
bility theorems for the LSS of nonlinear circuits in MPT. Since
the current potential function is linear in the first stability the-
orem, and the voltage potential function is linear in the second
one, neither are suitable for the studied system. Thus the third
stability theorem is adopted, as defined below.

If μ1 + μ2 ≥ δ, δ > 0 for all i, v and

P ∗ (i, v) =
(

μ1 − μ2

2

)

P (i, v) +
1
2

(
Pi, L

−1Pi

)

+
1
2

(
Pv , C

−1Pv

) → ∞ (6)
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Fig. 3. Diagram of cascaded system and control scheme.

as |i| + |v| → ∞, then all solutions of the studied sys-
tem approach the equilibrium solutions as t → ∞ [14].
Where μ1 is the minimum eigenvalue of L−1/2Aii (i) L−1/2

and μ2 is the minimum eigenvalue of C−1/2Bvv (v)C−1/2 ,
Pi = ∂P (i, v)/∂i, Pv = ∂P (i, v)/∂v, Aii (i) = ∂2A (i)/∂i2 ,
Bvv (v) = ∂2B (v)/∂v2 .

B. Estimation of LSS Boundaries

The LSS boundary for a cascaded system is estimated in
this section based on MPT. Traditional LSS method (hereinafter
traditional method) usually simplifies the load converter into
a CPL. Therefore, the cascaded system shown in Fig. 2 can
be simplified into the model in Fig. 3. This paper applies the
voltage and current double closed-loop controlling method to
source converter because the widely accepted fact is that the
performance of double closed-loop scheme is better than volt-
age single close-loop scheme. Besides, we adopt the digital PI
controller in cascaded system to regulate the control parameters
flexibly.

As shown in Fig. 3, the load converter has been simplified
to a CPL, and its current response can be described as ibus =
PL/vbus , where PL is load power, GSv (s) = kSvp + kSvi/s,
GSi (s) = kSip + kSii/s; kSvp and kSvi are respectively the pro-
portionality and integration coefficient of the outer voltage loop
of the source converter, kSip and kSii are respectively the propor-
tionality and integration coefficient of the inner current loop of
the source converter. According to Fig. 3, the model of control
system of source converter is obtained as
{

I1ref = kSvp (Vbusref − vbus) + kSvi
∫

(Vbusref − vbus) dt

d1 = kSip (I1ref − i1) + kSii
∫

(I1ref − i1) dt

(7)

where the parameters of controller are the same as those pre-
sented in Table I.

The source converter has the feature of controlled current
source because a current inner loop controller exists in the source
converter. The CPL current will change in the opposite direction
when a voltage dip or swell occurs in the supply side, which
will intensify the voltage fluctuation further, hence the CPL can
also be equivalent to a controlled current source. Therefore, the
cascaded system can be simplified as the circuit shown in Fig. 4.

Fig. 4. Equivalent circuit of cascaded system.

Combined with the equivalent circuit and the aforementioned
procedures, the mixed potential function of cascaded system can
be written as

P (i, v) =
∫ i1

0
vbusdi1 −

∫ ib u s

0

PL

ibus
dibus + vbus (ibus − i1)

= −
∫ vb u s

0
i1dvbus +

∫ vb u s

0

PL

vbus
dvbus . (8)

The correctness of the obtained mixed potential function can
be verified when (8) is introduced into (3)

∂P (i, v)
∂vbus

= −i1 +
PL

vbus
= −C1

dvbus

dt
. (9)

Then, the obtained mixed potential function can be converted
to a uniform expression as shown in (5) to achieve the following
equation set:

⎧
⎪⎨

⎪⎩

A (i) = 0

B (v) = − ∫ vb u s

0 i1dvbus +
∫ vb u s

0
PL

vb u s
dvbus

(i, γv − α) = 0

. (10)

According to the third stability theorem of MPT
⎧
⎨

⎩

Aii = 0

Bvv = − ∂i1
∂vbus

− PL

v2
bus

. (11)

Solving the differential equation shown in the first term of (1)
results in

i1 =
d1Vs − vbus

R1
− f (t) (12)

where f (t) is a time-varying item (f (t)= N
R1

e−R1 t/L1 , N is
a constant value) and has no effect on the results of partial
differentiation. Then, the partial differentiation item of (11) can
be obtained combining (7) and (12)

∂i1
∂ubus

= − VskSipkSvp

R1 + VskSip
. (13)

Finally, when |i1 | + |vbus | → ∞, we have P ∗ (i, v) → ∞.
Therefore, the LSS criterion of cascaded system is obtained
from (11), (13), and μ1 + μ2 > 0, which can be written as

⎧
⎨

⎩

VskSipkSvp

R1 + VskSip
>

PL

V 2
busref

PL < PbatN

(14)

where PbatN is the rated discharge power of ESS.
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Fig. 5. LSS boundaries for cascaded system.

The key parameters that affect the LSS of cascaded system is
obtained from (14) mainly consist of PL and kSvp . However, this
does not mean other parameters have no effect on the stability
of the cascaded system. For instance, the phase margin at the
crossing frequency will be decreased accompany the increase of
kSip , but kSip cannot be too low, or otherwise the actual current
will be unable to keep up with the reference current [28].

The LSS boundary for the cascaded system is obtained from
(14) is shown by the solid line in Fig. 5. A simulation model
is established using MATLAB/Simulink, and the parameters of
the system are the same as those provided in Table I. All the
simulation work in this paper is based on this simulation model.
The LSS boundary of the simulation system is obtained by trial
and error, as shown by the dotted line in Fig. 5, and red asterisk
dots represent the points of stability boundary which have been
verified by simulation. Compared with the stability boundary of
simulation model, it is salient that the boundary obtained by the
traditional method is characterized by conservatism.

IV. MPT BASED IMPROVED METHOD

The hazards of conservatism have been elaborated in
Section I. This section starts with a comprehensive exploration
for why conservatism exists in the traditional method. Then, an
improved method of LSS analysis, based on MPT, is proposed
(hereinafter improved method).

A. Investigation for Causes of Conservatism

In order to find the causes of conservatism in the traditional
method, the entire process, from the establishment of the mathe-
matical model, to the derivation of the stability boundary, needs
to be thoroughly investigated. The potential causes of conser-
vatism include parasitic parameters and the modeling method.

First of all, in terms of parasitic parameters, the internal resis-
tance and energy loss of the converter is not taken into consider-
ation during the analysis process. When the internal resistance
is incorporated into the parasitic resistance R1 for (14), the in-
fluence of converter internal resistance on the stability boundary
can be found, shown in Fig. 6. The energy loss can also be incor-
porated into load power PL for (14), and its influence is shown
in Fig. 7. It can be seen from Figs. 6 and 7 that the internal

Fig. 6. Stability boundaries under different converter internal resistances.

Fig. 7. Stability boundaries under different converter energy losses.

resistance and energy loss of the converter have little effect on
the stability boundary. Therefore, neither are the key source for
conservatism.

We then take a look at the modeling methods. The state space
averaging method is applied to establish the mathematical model
of the cascaded system. However, the accuracy of this method
has already been verified, meaning it is not the cause. Finally, an
assumption which considers the load converter as an ideal CPL
is frequently used to simplify the model. It can be seen from (14)
that the nature of the MPT-based LSS criterion is that when the
bus voltage fluctuates, the system will be stable if the change rate
of the source converter’s output current relative to the bus voltage
exceeds that of the load converter’s input current relative to the
bus voltage. However, the actual load converter’s responses are
significantly slower than those of the ideal CPL when a large
disturbance occurs in the system as shown in Fig. 8. Therefore,
compared with the actual load, the ideal CPL will cause the
value of the first item on the right side of (14) to be larger than
actual one, thereby introducing the problem of conservatism.
From this point of view, the assumption that treats the load
converter as an ideal CPL is the main cause of conservatism,
and an improved method can therefore be developed.

B. Improved Method for LSS Analysis

In order to address the problem of conservatism, this paper
proposes an improved method for LSS analysis, which analyzes
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Fig. 8. Voltage and current waveform under large disturbance.

Fig. 9. Diagram of load converter and control scheme.

the transient response characteristics of the load converter under
bus voltage fluctuations from the input side. First the large signal
mathematical model needs to be established to analyze the tran-
sient response characteristics of load converter. The diagram of
load converter is shown as Fig. 9. And the load converter adopts
the voltage and current double closed-loop controlling method
as well.

As shown in Fig. 9, GLv (s) = kLvp + kLvi/s, GLi (s) =
kLip + kLii/s, kLvp and kLii is proportionality and integration
coefficient of outer voltage loop of load converter, kLip and kLii
is proportionality and integration coefficient of inner current
loop of load converter. According to Fig. 9, the model of control
system of load converter is obtained as

{
I2ref = kLvp (Voutref − vout) + kLvi

∫
(Voutref − vout) dt

d2 = kLip (I2ref − i2) + kLii
∫

(I2ref − i2) dt

(15)

where the parameters of controller are the same as those listed
in Table I and the value of RL is obtained by RL = V 2

outref/PL .
As mentioned before, the source converter can be equivalent

to a controlled current source, the load converter can also be
equivalent to a controlled current source because the current
inner loop controller exists in control system. Therefore, the
cascaded system can be simplified to the circuit shown in Fig. 10.

Fig. 10. Equivalent circuit of cascaded system.

So, the mixed potential function can be written as
⎧
⎪⎨

⎪⎩

A (i) = 0

B (v) = − ∫ vb u s

0 i1dvbus +
∫ vb u s

0 ibusdvbus

(i, γv − α) = 0.

(16)

According to third stability theorem of MPT,
⎧
⎨

⎩

Aii = 0

Bvv = − ∂i1
∂vbus

+
∂ibus

∂vbus
.

(17)

In order to derive the change rate of input current of load con-
verter relative to the bus voltage, first, the differential equation
shown in the first term of (2) is solved

i2 =
d2vbus − vout − f1 (t)

R2
(18)

where f1 (t) = Ne−R2 t/L2 is a time-varying item. Then,
combine

i2 =
kLipI2refvbus − vout + f2 (t)

R2 + kLipvbus
(19)

where f2 (t) = kLii
∫

(I2ref − i2) dt − f1 (t) is a time-varying
item and has no effect on the results of partial differentiation.
Ignore the energy loss of the load converter to get ibusvbus =
i2vout , so,

ibus =
vouti2
vbus

=
kLipI2refvbusvout − v2

out + voutf2 (t)
R2vbus + kLipv2

bus
(20)

Now, from (13), (17), (20), and μ1 + μ2 > 0

(R2 + 2kLipvbus)
(
v2

out − kLipI2refvoutvbus
)

(kLipv2
bus + R2vbus)

2

+
VskSipkSvp

R1 + VskSip
+

kLipI2refvout

kLipv2
bus + R2vbus

> 0. (21)

In the steady state, PL = I2refvout can be obtained, so the
LSS criterion of cascaded system can be written as

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(R2 + 2kLipVbusref )
(
V 2

outref − kLipPLVbusref
)

(kLipV 2
busref + R2Vbusref )

2

+
VskSipkSvp

R1 + VskSip
+

kLipPL

kLipV 2
busref + R2Vbusref

> 0

PL < PbatN .

(22)

Improved LSS boundary for cascaded system is obtained from
as shown by the black curve in Fig. 11. It can be seen from
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Fig. 11. LSS boundaries for cascaded system.

Fig. 11 that the stability boundary obtained by the improved
method almost coincides with the simulation boundary.

Based on MPT, a novel analysis method for transient response
characteristic of load converter is proposed in this paper and it
is applied to the LSS analysis of dc microgrid. The transient
response characteristics of load converter are modeled from
input side instead of regarding the load converter as ideal CPL
in the traditional method. Compared with traditional method,
the accurate lLSS boundary of dc microgrid can be obtained by
proposed method and thereby eliminating the conservative issue
existing in original method. The analysis process of proposed
method is simple and easy to conduct, and can provide reference
for parameter design of a power electronics dominated dc power
system. The accuracy of the improved method will be verified
experimentally in the next section.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the conservatism of traditional method and the va-
lidity of the improved method, an experimental system with
two Buck converters is developed, one for simulating the source
converter and the other for simulating the load converter and
both of them adopting voltage and current double closed-loop
controlling scheme. Since the trial-and-error method is used to
determine the stability boundary of the system, it is inevitable to
carry out some experiments under unstable operating situations.
Therefore, it is necessary to configure the limiter at the output
of every voltage outer loop to ensure that the converter is not
damaged by overvoltage or overcurrent. The system parameters
are shown as Table I. A Chroma 62100H-600S programmable
power source is utilized to simulate the ESS in the system.
Fig. 12 shows the experimental diagram of studied system.

A. Verification for Conservatism of the Traditional Method

In order to verify the conservatism of the traditional method,
two groups of parameters are used for simulation and ex-
periment, where one group define kSvp = 0.105 and load
power step up from 250 to 470 W and shown as point A
(kSvp = 0.105, PL = 470 W) in Fig. 11. Another group define
kSvp = 0.115 and load power step up from 250 to 550 W and
shown as point B (kSvp = 0.115, PL = 550 W) in Fig. 11. Ac-

Fig. 12. Experimental diagram.

Fig. 13. Waveforms of dc bus voltage and inductance current of source con-
verter. (a) Simulation result of the first group of parameters. (b) Experimental
result of the first group of parameters. (c) Enlarged waveform of (b).

cording to traditional method, two groups of parameters given in
above are exceed the stability boundary obtained by traditional
method and the system will be operating in unstable status.
Fig. 13 shows the results of simulation and experiment when
the system adopts first group of parameters, Fig. 14 shows the
results of simulation and experiment when the system adopts
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Fig. 14. Waveforms of dc bus voltage and inductance current of source con-
verter. (a) Simulation result of the second group of parameters. (b) Experimental
result of the second group of parameters. (c) Enlarged waveform of (b).

second group of parameters. It is obvious that the system is sta-
ble no matter which group of parameters is used. Therefore, the
conservatism of traditional method has been verified.

B. Verification for Validity of Improved Method

A trial-and-error method was adopted to experiment on ob-
taining the actual boundaries. The initial load power was set to
250 W in all experiments and simulations. Fig. 15 shows the re-
spective stability boundaries obtained by the traditional and the
improved methods, simulation, and experiment. As can be seen
from Fig. 15, compared with the traditional stability boundary,
the improved stability boundary is closer to actual results, which
validates the improved method. The slight discrepancy between
the improved boundary and experimental boundary is mainly
caused by parasitic loss of load converter and error of signal
acquisition system. The forward voltage of IGBT (Vce = 1.8 V)
is taken into account in the simulation model to investigate the
influence of parasitic loss on simulation boundary, and the cor-
responding simulation results are shown by the green dashed

Fig. 15. Stability boundaries from various methods: Traditional method, im-
proved method, simulation verification without parasitic parameters, experi-
mental verification, and simulation verification with parasitic parameters.

Fig. 16. Experimental verification of the improved method. (a) Waveforms of
dc bus voltage and inductance current of source converter at the test point
(kSvp = 0.154, PL = 645 W) in the experimental boundary. (b) Enlarged
waveform of (a). (c) DC bus voltage and current waveforms at the test point
(kSvp = 0.153, PL = 645 W) outside the stable zone.
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Fig. 17. Experimental verification of the improved method. (a) Waveforms of
dc bus voltage and inductance current of source converter at the test point
(kSvp = 0.094, PL = 495 W) in the experimental boundary. (b) Enlarged
waveform of (a). (c) DC bus voltage and current waveforms at the test point
(kSvp = 0.093, PL = 495 W) outside the stable zone.

TABLE II
CASCADED SYSTEM PARAMETERS

line in Fig. 15, which is closer to experimental boundary, while
the simulation results without considering the forward voltage
are represented by the red dashed line. It is proved that the para-
sitic loss is the main reason leading to the discrepancy between
the improved boundary and the experimental boundary. Two
sets of experimental results near stability boundary are shown
in Figs. 16 and 17. Data of test points on the experimental
boundary are shown in Table II.

VI. CONCLUSION

In this paper, an improved LSS analysis method, based on
the MPT, is proposed to address the conservatism of the tradi-
tional method. The LSS of the studied system was first analyzed
by the traditional MPT-based method, and the obtained stabil-
ity criterion was found to be conservative. The nature of this
conservatism was then analyzed, revealing the most important
causes to be the idealization of the load converter’s response
characteristics, and the lack of refined models. By analyzing the
transient response characteristics of the load converter under
bus voltage fluctuations, a stability criterion without conser-
vatism was obtained. Simulations and experiments were con-
ducted on a cascaded system with two buck converters, verify-
ing the conservatism of traditional method and the validity of
the improved method. This improved method is applicable to
power electronics-dominated dc power system where multiple
converters are cascaded or connected in parallel, and complex-
ity of analysis will increase proportionally as the number of
converters increases.
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