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Abstract—In this paper, an improved active stabilization strat-
egy of the interface converters in microgrid applications is
proposed on the basis of the passivity-based stability criterion
(PBSC). As a critical part of AC and DC hybrid microgrids, the
DC microgrid is taken as an example. In particular, a stabilization
method with a proportional-integral (PI) controller and first-
order high-pass filter (HPF) is proposed to meet the passivity
requirements of the overall control diagram with respect to the
output voltage. Meanwhile, an output current feedback control
loop is introduced to ensure the output impedance passivity.
Moreover, a small-signal model of the parallel interface converter
system is established to comprehensively study the influence of
control parameters on the passivity of the converters. Based
on the active stabilization method proposed in this study, by
manipulating the control diagram of each interface converter,
the passivity and stability of the DC microgrids with variable
configuration can be guaranteed. Therefore, a generic and
simplified design approach is realized. A simulation model with
three interface converters is implemented in MATLAB/Simulink,
and the effectiveness of the proposed passivity-based active
stabilization algorithm is verified by using this simulation model.

Index Terms—Microgrids,
stabilization.

PBSC, small-signal model,

I. INTRODUCTION

S a critical part of AC and DC hybrid microgrids,
the DC microgrid is recently gaining more popularity
with the wide use of DC power sources, energy storage,
and loads with natural DC coupling [1]-[5]. Compared to
their AC counterparts, DC microgrids feature the highlighted
advantages of high efficiency, strong robustness and no need
for harmonics and resynchronization, etc. [6], [7].
However, the degraded stability issues induced by interface
converters should still be noted in DC microgrids. Typically,
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each converter is designed as a stable module, while oscilla-
tions or destabilization may still take place in DC microgrids
consisting of parallel converters. Impedance matching criterion
is a commonly used approach for stability analysis. It was
originally proposed by Middlebrook and used for studying
the instability issues induced by the interacted input filters
and load converters. The essence of these criteria is to eval-
uate the source and load impedance ratio by using Nyquist
plots [8]. Although the Middlebrook criterion provides an
effective approach for evaluating system stability, this method
can lead to a conservative design. Therefore, several mod-
ified stability evaluation approaches implemented based on
the Middlebrook criterion were proposed, including the gain
margin phase margin (GMPM) criterion used for designing
the input impedance of the load converter with a given source
converter [9], the opposing argument criterion used for individ-
ual load converter design in the system with multiple parallel
load converters [10], the energy source analysis consortium
(ESAC) criterion focusing on total load design with given
source converters [11], etc. These criteria provide a convenient
technique to tackle the obstacles of the stability issues in DC
microgrids. However, these criteria are used for the stability
analysis with a fixed partition of source and load subsystems. If
the role of the source and load changes, then the effectiveness
of these criteria can be degraded [12], [13]. The passivity-
based stability assessment method does not require the pre-
determined source and load partition. Hence, it is more flexible
compared to the impedance criteria [13].

Two significant features of the passivity criterion include:
1) If a system is passive, it can be derived that this system is
stable [14]; 2) The parallel or negative feedback connection
of two passive systems derives a system that is still passive
and thereby stable [15], [16]. As a result, once an individual
converter in DC microgrids is designed as a passive module,
the passivity and stability of the whole system can be ensured.
Hence, the system-level design procedure can be simplified.
Recently, the PBSC has been used in several studies on
DC microgrids [15], [16]. The passivity-criterion is employed
in [15], and the active damping method is used to ensure the
passivity of the system’s overall impedance, which thereby
ensures the stability of the system. However, the structure of
the DC system under study is only comprised of one converter
with an LC filter and a constant power load (CPL), so various
types of input perturbations should be considered when the
PBSC is applied to the DC microgrids dominated by multiple
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parallel converters. The system impedance angle in the pas-
sivity criterion is changed from [—90°, 90°] to [—30°, 90°]
in [16] to increase the phase margin of the system and avoid
the oscillations induced by insufficient damping. However,
only the output admittance passivity is considered in this
paper, which cannot ensure the stability of the bus voltage
in DC microgrids. In an accurate small-signal model of
DC microgrids, bus voltage stability is influenced by the
perturbations of the converter output current, input voltage,
and reference voltage. The existing PBSC only considers
the perturbation in the output current, i.e. output impedance.
Therefore, it cannot guarantee the stability of the bus voltage
since the perturbations from the other two input channels
are not fully evaluated. If the passivity of each converter
under any perturbation is guaranteed, the DC microgrids with
these parallel converters or feedback-connected converters are
passive and thereby stable.

In this paper, a comprehensive PBSC with consideration of
all input perturbations is introduced, which provides a generic
criterion for each individual interface converter and guarantees
the stable operation of the parallel-converter-dominated DC
microgrids under different types of input perturbations. The
control strategy is realized by adding an additional output cur-
rent feedback control loop to the output side of the combined
control diagram with a PI controller and a high-pass filter
(HPF). The output impedance passivity is ensured by using
the output current feedback control. Meanwhile, the passivity
of the input voltage and reference voltage with respect to the
output voltage is ensured by the combined control diagram
with PI and HPF. The passivity and stability analyses are
conducted by assessing the location of the closed-loop poles
and Nyquist plots.

The following paper is organized as follows. The basic
concepts of PBSC are introduced in Section II. The detailed
mathematical model of the DC converter, as well as the
passivity analysis, is established in Section III. The improved
control strategy is proposed in Section IV to meet the PBSC
requirements and ensure the stability of the DC microgrids.
The simulation demonstration in MATLAB/Simulink is con-
ducted in Section V to verify the effectiveness of the proposed
active stabilization method. Finally, the major contributions of
this paper are summarized in section VI.

II. PASSIVITY-BASED STABILITY CRITERION

The passivity of the system can be defined by using the
system state space functions. In order to interpret the nature
of passivity-based criteria, the concept of energy injection is
introduced [15]-[18]. In particular, the state space function of
a linear system is described as follows:

= Ax + Bu 0
y = Cx + Du.

The system is identified as a passive one if the following
criterion is satisfied for all the feasible input vectors u(t) and
output vectors y(i).

/0 E@))dr = Ba) - E0)  ©

where the left side of (2) is the defined energy flowing into
the system, x(t) is the system state variable, and E(t) is the
Lyapunov energy function, indicating that the system is passive
when the energy injection of the system is not less than the
energy stored in the system.

Although (2) is a standard passivity definition, it is still
a theoretical criterion that is not explicit enough for practical
industry applications. Hence, the following simplified descrip-
tion is introduced.

A linear time-invariant system can be described as (3) in
the frequency domain.

y(s) = G(s)u(s)
G(s)=C(sI—A)"'B+D

The system in (3) is passive if and only if:

1) G(s) has no poles on the right half plane (RHP).

2) The Nyquist plot of G(s) lies entirely in the closed RHP.

It can be concluded that a passive system is intrinsically
stable according to (3) since the system has no closed-loop
poles in the RHP. The PBSC has a valuable feature, i.e. the
parallel connection of two passive systems is still passive,
since the supplied energy is larger than the stored energy
in each subsystem. Meanwhile, depending on superposition
theory, the total supplied energy is greater than the total stored
energy in the parallel system. Hence, paralleling the passive
subsystems does not violate the passivity of the overall system.
As shown in Fig. 1, multiple subsystems usually coexist in
a DC microgrid with the interface converters interconnected
in parallel. If all the subsystems in the DC microgrids are
passive, the DC microgrids with all these parallel subsystems
are passive. Therefore, the stability of the DC microgrids is
ensured.

3)

P
Converter 1 p—
: -~
o
f— Converter n+1
ESS - :

Converter n b

__ DC load

+ — Converter n+k
DC bus

Fig. 1. Typical configuration of DC Microgrids.

III. MODELING OF PARALLEL CONVERTERS AND
PASSIVITY ANALYSIS

A. A Representative DC Microgrid

The configuration of the DC microgrid under study is
depicted in Fig. 2. It is comprised of a distributed generation
unit, i.e., a boost converter with a photovoltaic (PV) array, an
energy storage system (ESS), i.e., a battery interfaced with a
bidirectional buck/boost converter, a CPL, i.e., a resistor inter-
faced with a buck converter, and a resistive load. The CPL has
more severe influence on system stability due to its negative
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Buck converter Resistors

Battery Bidirectional buck/Boost converter

Fig. 2. The proposed topology of DC Microgrids.
incremental impedance, which shows the effectiveness of the
proposed passivity design approach.

This typical DC microgrid offers three primary operating
modes. In mode I, with sufficient solar irradiation or sudden
load increase, the PV converter runs in maximum power point
tracking (MPPT) mode and the ESS is in charge of establishing
the DC bus voltage. In mode II, with sufficient solar irradiation
and low state-of-charge (SoC) of the ESS, the PV converter
runs in constant voltage controlled (CVC) mode to establish
the DC bus voltage while the ESS is charged to absorb power
from the DC bus. In mode III, with insufficient solar irradiation
and low SoC of the ESS, the PV module and ESS establish
the DC bus simultaneously with droop control as their outer
control loops. Here, the PV converter has two operation modes,
i.e. MPPT and CVC, where the constant voltage refers to
the DC bus voltage. ESS also has two types of operational
modes, i.e. charging and discharging modes. In the MPPT
mode, the PV converter supplies maximum power to the DC
microgrids. In the constant-current charging mode, the ESS
absorbs constant power from the DC microgrids. In these two
cases, the PV converter and ESS can be regarded as constant
power sources and they cannot be used to stabilize the DC bus
voltage. The common DC bus voltage in a microgrid can only
be guaranteed by using the sources in voltage-controlled mode.
This paper focuses on the stability of the DC bus voltage. In
mode I, the stability of the DC bus voltage is determined by
ESS. In mode II, it is determined by the PV module under
CVC control mode. In mode III, it is determined by both the
PV sources and ESS. The main power circuits used for PV
and ESS are boost converters. Hence, the research in this study
focuses on the stabilization methods for boost converters.

B. Small-signal Modeling of the Proposed System

As described in Section II, the PBSC is an energy-based
stability theory and the criterion is implemented on the basis
of system input/output transfer functions, which means that
the system passivity can be analyzed by using the small-
signal model. In order to discuss the impact of the fluctuations
of "output voltage; output current and voltage reference, and
study the stability of the parallel converters regulated by
using traditional voltage control methods, the comprehensive

]
~< P

Resistors

small-signal model of each converter is derived. The detailed
model of the converter can be derived by using the state-space
averaging model [19] or the equivalent ideal DC transformer
model method [20]. As described in Section III-A, only boost
converters are analyzed here. The small-signal models, using
the ideal DC transformers are shown in Fig. 3.

iblin(s N _ l_ btol ut(s‘)
Tlbt Ly - Ciy J— +
- vbtoutdbt(s ) ~
Vitin($) Zi [ ] Vhtout(s)
T ebt
lindoi($) _

Fig. 3.
converter.

The small-signal model using the DC transformer of the boost

In Fig. 3, “* denotes the small-signal perturbation of each
variable, and “~” denotes the corresponding steady-state vari-
able. The open-loop transfer function of the boost converter
can be derived using the small-signal model. The highlighted
transfer functions to be studied include the duty-cycle-to-
output transfer function Gyq pt(s), the input-to-output trans-
fer function Gy pt(s), and the converter output impedance
Zwtout (). According to the voltage and current relationship
between the primary and secondary sides of the ideal trans-
formers, the exact definitions of the transfer functions are
derived as follows:

Gya_bt(s) = v]zztoiut(s)
3 b_t (S) 'E)btin(_s):O
Zt (Vbtoutdbt — IbtinTlbt — Tbtin Lt S) (Febt Ches + 1) @)
Lt Cot (Zpt + Tewt)s? + [g%,thtrcthbt
+ Lt + (Zot + rebt) 10t Cht) S + (Tibt + diy Zt)

Gyi bt (s) = Ltout(s) =

Ubtin(s) jbt(s)zo

Zpt it (rent Ches + 1) (5)

Lt Cot(Zit + rept)s® + [ciﬁt ZytTebtCbt + Lt
+(Zt + rebt) Tt Cbt)s + (vt + d3, Zot)

Ubtout (5)

thout(s) = ; (s)
~Ubtout

f{bcin(S)ZO =
dp (5)=0
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Zt(Les + 11vt) (et Coe s + 1)
Lt Crt(Zt + Tebt) s + [diy ZoiTebt Cot + Lt
+(Zit + Tebt) Tt Ot + (v + d2 Znt)

(6)

where Dotout, Ihtins bt are steady-state values and they can
be obtained as:

dbt = Ubtin/Vbtout
Tbtous = Zbt Ubtindbt / (T1bt + thﬂz%t) (7
ibtin = Ubtin/ (Tibt + Zbtda,)-

According to (4), (5), and (6) the following mathematical
representations of the converters can be concluded:

Ubtout (S) = Gvd_bt(s)dbt(5> + Gi_bt (8)Ubtin(8)
+ thout(s)rzbtout(s)- (8)

According to the open-loop mathematical representation and
voltage mode control (VMC) [20], the corresponding closed-
loop model is shown in Fig. 4, where Opi.er(s) represents
the perturbation induced by droop control in the reference
voltage, Ontin () represents the perturbation induced by battery
voltage fluctuations, and %btout(s) represents the perturbation
in the output current. In mode I and mode II, as introduced
in Section III-A, the PV module and ESS interfaced via
boost converters do not need droop controllers in their control
diagram. The corresponding closed-loop model is shown in the
internal dotted box with solid lines in Fig. 4, where G p:(s)
and Hy(s) are the transfer function of the voltage controller
and the sampling network respectively. Hy(s) can be regarded
as ‘1’ here. On the other hand, in mode III, the PV module
and the ESS both run in droop-controlled mode to regulate the
DC bus voltage. Their closed-loop models are implemented on
the basis of the original one used in mode I and mode II with
droop control incorporated, i.e., Uref = UN — K * Iptout, Where
uy is the converter output voltage at no load and k is the
droop coefficient. Note that the perturbation 4y equals zero
in the small-signal model. The corresponding model of mode
III is shown in the external dotted box in Fig. 4.

Droop
control

Fig. 4. The closed-loop small-signal representation of the boost converter.

C. Closed-loop Transfer Function and the Passivity Analysis
Based on the classic control theory, (8) can be rewritten as:
Fi(s) Guin(s) .
= ——————Ubtref(S) + ———=—"<Ubtin($
TF Foo(s) Pt (&) T T3 R () ()
thout(s) A
— ————— " Ihtout(S
T+ Fog(s) 2ot (¥)
= thvrcl(s)ﬁbtref(s) AF thvicl(S)@btin(S)

— Z1ea(8)intont (5) )

{)btout (8)

where Fbt(S) = Gcbt(S)Gvd_bt(s)/T]btout and Fbk(s) =
Gebk(5)Gya_bk () /Tbkout-

It can be noted that the closed-loop stability and passivity
of converters are influenced by the perturbations of the ref-
erence voltage, input voltage and output current. Therefore,
the converter passivity can be estimated by using these three
transfer functions, i.e., Guivrci($), Goivicl(s) and Zpger(s).
The PI controller is the most common controller used in
DC converters [19]-[21], so the following analysis in this
subsection is conducted based on the PI control diagram.

It is worth noting that the denominators of Ghiyral(s),
Ghivici(s) and Zpici(s) for the boost converter are the same.
Hence, the poles of these transfer functions can be synthesized
in Fig. 5. As shown in Fig. 5, the poles at the real axis move
towards the left side and the conjugate complex poles move
towards the right side when K7 increases and Kp remains
constant; and in the meantime, the poles at the real axis move
towards the right side and the conjugate complex poles move
towards the left side when Kp increases and Kj remains
constant. Moreover, the dominant poles are not located in
the RHP, which means the closed-loop control diagram is
stable with these parameters. However, the PI control can only
stabilize itself. While a converter with conventional control
is connected into a stable system, the system may become
unstable. In contrast, once a passive module with dissipative
terminal characteristic is incorporated into a passive system,
the whole system is passive and stable. In this case, without
considering the internal structure and parameters, the terminal
characteristics can ensure the stability of the new system.

1,000

500

Imaginary Axis
(=}

—500

~1,000

Real Axis

Fig. 5. Location of the dominant poles of the closed-loop transfer functions
for boost converters.

In order to conduct the passivity analysis of Gpgyrci($),
Ghtvicl(8) and Zuiel(s), it is necessary to discuss the Nyquist
plots of these transfer functions. As described in Section II,
if their Nyquist plots lie entirely within the closed RHP,
the converters are passive. Fig. 6 shows the Nyquist plot of
Ghivrel(5), Ghtviel(s) and Zpie1(s). In Fig. 6, it can be seen
that all the Nyquist plots of the boost converter move outwards
when Kp or Kj increases. While they always have partial plots
located in the left half plane, which means manipulating the
parameters of the PI controller cannot ensure the passivity of
the boost converter.
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Imaginary Axis
Imaginary Axis

Imaginary Axis

Real Axis
(a)

Flg 6. The NyquiSt plOtS of (a) thvrcl(s), (b) thvicl(s) and (¢) thcl(s)'

IV. IMPROVED CONTROL STRATEGY
A. Improved Closed-loop Transfer Function

The closed-loop transfer function is improved to design
a converter control diagram complying with the PBSC de-
scribed above. Many converters in DC microgrids adopt the
voltage feed-forward loop to offer extra positive admittance
and thereby enhance the stability [19]. However, the design
process of the feed-forward controller is very complicated and
this method only considers the output impedance passivity.

Although Ghiyrei(s) and Ghriyicl(s) are not passive, adding
a derivative term in the corresponding closed-loop transfer
functions can improve their passivity [18]. Hence, a combined
control diagram with a PI controller and HPF is suggested
to replace the conventional PI controller, which will ensure
the passivity of Guivrci(s) and Ghiyicl(s). Then, the current
feedback loop is added to the output side of the PI and
HPF, which will ensure the passivity of Zyi(s) together
with the combination of the PI controller and HPF. The
improved control strategy is marked in red lines, as shown
in Fig. 7. The transfer function Gpiqt(s) can be described as
Kp + K1/s+ Kps/(ras + 1). In order to ensure the control
bandwidth, 74 is suggested to be T, which represents the
control period of the converter.

Vorer (5) Voiout(s)
>

&

\Hbt(s)l

Fig. 7. The improved closed-loop control diagram of the boost converter.

According to Fig. 7 and the classic control theory [22], (9)
can be modified as follows:

/ .
Dptout (5) = %ﬁbtrcf(s) + mﬁbtin(s)
_ Zyt Gy _pt(8) + Zbtous(5) ;btom(s)
14+ F,(s)
= Ghivre (8)Vbtret (8) + Ghiyici (5)Obtin(s)
- Z{)tcl(s)%btout (s) (10)

where Fl;t (5) — Gpidt (S)Gvd_bt (5)/1-)btout-

Real Axis
(b) (c)

Real Axis

B. Passivity Analysis

The poles of each input-to-output transfer functions in (10)
are different from (9) due to the deployment of the combined
PI and HPF control diagram. Meanwhile, the denominators of
different terms in (10) are the same. The dominant poles of
Ghivrel(8)s Ghivial(s) and Z{  (s) for boost converters with
a different Kp are shown in Fig. 8.

1,000

500

Imaginary Axis
(=}

=500

~1,000
5

x10°

Real Axis

Fig. 8. Location of the dominant poles of the modified closed-loop transfer
functions.

In Fig. 8, real poles move away from the original point
and the complex poles are close to the original point when
the deviation factor Kp increases from 0. The complex poles
denote that the system has a damped oscillating response.
However, all of the zeroes still locate in the left half plane
(LHP), which means the closed-loop is stable.

In order to analyze the passivity of the boost converter
considering the three modified input channels, the plots with
different Kp values are shown in Fig. 9, where Z,y = 0.5. All
Nyquist plots move entirely to the RHP with Kp increasing
from O to 2, and the converters become passive. It can be
derived that G}, (s) and G, ;. (s) are not influenced by
Z,. The influence on Z;, (s) is shown in Fig. 10, where dif-
ferent values of Z, are considered and Kp is set to 0.02. The
Nyquist plots move entirely to the RHP when Z, increases.
However, the Nyquist plots of the boost converter are partially
within the LHP when Z, equals 0 or 0.05, indicating that 7.
cannot be too large to maintain the passivity.

V. SIMULATION VALIDATION

A simulation model with three converters is implemented in
MATLAB/Simulink to confirm the proposed control strategy
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Fig. 9. The Nyquist plots of the modified (a) G,

tvrcel
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=)
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78 1 1 i
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Fig. 10. The Nyquist plots of the modified Z{_ ,(s) with different Zys.

based on PBSC. It includes three cases. For Case I, by using
the improved passivity-based method in boost converters, the
stability operation in mode I and mode II can be guaranteed.
For Case II, under the same condition, the potential stability
induced by parallel converters can be avoided. In Case III, the
DC bus voltage stability can be ensured with the perturbations
in reference voltage, input voltage and output current. The
system parameters are listed in Table I.

TABLE I
CONVERTERS CONFIGURATIONS

Type Parameter Value
Cov (1F) 100
rov () le-3

PV converter flz ((I;lzgl) ;6_2
Cs (uF) 400
res () 4e-3
Chus (UF) 200
Tbus (Q) 2e-3

Load converter fﬁ ((ISI){) ée-Z
Cy (uF) 200
Tecl (Q) 2e-3
Cht (UF) 150
pt () le-3

Battery converter 71“;2 ((?;I)-I) é'es_z
Ce (HF) 300
ree () 3e-3

A. Microgrid Operation in Mode I and Mode 11

Inmode I the PV converter operates in MPPT mode,
and the ESS converter acts as a source to regulate the bus
voltage (upys). In this operational mode, the PV converter

Real Axis
(b) (©)

(5), (b) GLiyic1(8) and (¢) Z[, (s).

—500 0 500
Real Axis

can be controlled as a constant power source and the load
with constant power is also connected to the common DC
bus. Meanwhile, the ESS operates as a voltage source. The
passivity of the microgrid is guaranteed by ensuring the
passivity of the ESS converter control system. In mode II,
the PV source converter regulates the bus voltage, and the
ESS converter operates as a constant power load. In this
operational mode, only the PV module operates in voltage-
source mode. The passivity of the microgrid is ensured by the
passive control of the PV converter. To compare the results of
the traditional and the proposed methods, simulation results of
the bus voltage with two control strategies are presented for
mode I and mode II, as shown in Fig. 11.

: —ModellI
: |— Mod
~ 105 = Modell
b 100V
%100 : s
C
> 95
90 ‘
0.3 0.4 0.5 0.6 0.7

Time (s)

Fig. 11. Simulation results of the bus voltage with controller change in mode
I and mode II.

In mode I and mode II, the control methods change from
the traditional one to the proposed one at 0.5 s. The voltage
oscillations occur under traditional control for the dynamic
interaction between the connected converters. The proposed
method can effectively damp the voltage oscillation because
the passivity of the system is ensured.

For mode I and mode II, the waveforms of wuy,,s and the
output power of each converter under the proposed control
strategy are respectively shown in Fig. 12.

The load resistance decreases from 20 2 to 10 2 at 0.4 s
and increases back to 20 2 at 0.6 s. It can be seen from Fig.
12(a) and Fig. 12(b) that wup,s is maintained at 100 V in mode
I. The load power Pjyaq is approximately equal to the sum of
the discharging power Py,,¢ and the PV source power P, in
the steady state, which indicates the load is powered by the
PV source with maximum power and ESS. In Fig. 12(c) and
Fig. 12(d), upys is also stabilized at 100 V. The PV source
power P, is approximately equal to the sum of the charging
power of P, and the load power Ply,q in the steady state,
which means that the PV module is used to establish the DC
bus voltage and provide the charging power of the ESS and
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the load. The results above prove that the proposed control
strategy can ensure the stability of DC microgrids with load
step-change in the two operational modes.

> u, : : 1 : : :
\Q; 100 bus* f : f\‘
S0 A Load i increase : Load decrease
:o 80 ........ ........ ........ S RTTETER ...... ...... , ........ fessssnas ...... ...... -+
|| S s e i PP A b b Rexiess
03 035 04 ()45 0.5 055 0.6 0.65 07 0.75 0.8
Time (s)
(a)
21,000}, 1
5 500 -
£ olPw2OOW, 0N o
03 035 04 045 05 O 55 0.6 065 07 075 038
Time (s)
(b)
120 100\/ T T T T T T T
o u, : H . 3 : =
100 petis s el
& 80 : ‘Load 1ncrease ] : ‘Load decrease
& S N o St M. S— 4
G : B : P :
> 60 i L I i ! i 1 L i
03 035 04 045 05 055 0.6 0.65 0.7 075 038
Time (s)
(©)
T T T T T T T
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Fig. 12.  Simulation results in mode I and mode II. (a) Voltage waveform in
mode 1. (b) Power waveforms in mode I. (c) Voltage waveform in mode II.
(d) Power waveform in mode II.

B. Microgrid Operation in Mode 111

DC microgrids with traditional control methods suffer from
degraded stability due to the interactions among converters,
while the proposed control strategy can ensure the passivity
of the DC microgrids with parallel-connected converters and
thereby ensure the system stability. In mode III, the DC bus
voltage is controlled by using the PV converter and the ESS
converter simultaneously. By using the passivity-based control
approach, when the passivity of each converter is achieved, the
passivity of the DC microgrid with parallel passive modules
can be ensured. In order to verify this point, Nyquist plots of
the PV converter, ESS converter and the system are applied in
Fig.13. All Nyquist plots lie entirely in the closed RHP which
implies the passivity of the DC microgrid.

Accordingly, the operational simulations with traditional
and proposed control strategies are conducted for mode III.
The comparative simulation results are shown in Fig. 14.

The control strategy changes from the traditional method to
the proposed strategy at 0.4 s. It can be seen from Fig. 14
that before activating the proposed passivity-based control
scheme; oscillations can be found in the waveforms of g
and the output power of each converter, so the system is not
asymptotically stable. At 0.4 s, when the proposed method is

Imaginary Axis

Real Axis
Fig. 13.  The Nyquist plots of the PV converter, ESS converter and the DC
microgrid.
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Fig. 14. Simulation results with the controller change in mode III. (a) Voltage
waveform. (b) Power waveform.

activated, the oscillations in the waveforms of wuy,s and the
output power of each converter are minimized. Mode III can
be regarded as the combination of mode I and mode II with the
consideration of parallel converters. The effectiveness of the
proposed method in mode III verifies the applicability of the
passivity-based method, which thereby tackles the obstacles of
the degraded stability in microgrids with parallel converters.

C. Stability Analysis under the Proposed Control Method with
Three Types of Perturbations in Mode II1

It should be noted that the perturbations here refer to the
disturbances involved in different channels, i.e. load variation,
input voltage, and reference voltage used in droop control. In
mode III, these three types of perturbations coexist while in
the other operation modes, it is unnecessary to consider the
perturbations in the reference voltage since droop control is
not employed. For brevity, the most complicated operational
mode, i.e. mode III, is taken as an example here to test the
impacts of different types of perturbations.

For the stability analysis with output current perturbations,
as the output current is primarily influenced by load variations,
simulations with load step-change are performed to test the
impact of the output current perturbation on the DC bus
voltage stability. The simulation results are shown in Fig. 15.

The load resistance decreases from 20 2 to 10 © at 0.4 s
and increases back to 20 © at 0.6 s. It can be seen from
Fig. 15 that wuy.s decreases with the decrease of load, at
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Fig. 15. Simulation results with load step-change. (a) Voltage waveform. (b)
Power waveform.

this time the PV and ESS converter increase their output
power to maintain the bus voltage at 100 V, and vice versa.
The load power is approximately equal to the sum of the
discharging power P, and the PV source power P, in
the steady state. The results above prove that the proposed
control strategy can ensure the stability of the DC microgrids
under output current perturbation. For the stability analysis
with input voltage perturbations, the simulation results with
input voltage step-change are shown in Fig. 16.
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Fig. 16.  Simulation results with input voltage step-change. (a) Voltage

waveform. (b) Power waveform.

As shown in Fig. 16, the PV input voltage decreases from
100 V to 90 V at 0.4 s and increases back to 100 V at 0.6 s.
It can be seen from Fig. 4 and (9) that the DC bus voltage is
influenced by the input voltage. As shown in Fig. 16, when the
input voltage drops, the output voltage is reduced accordingly,
and vice versa. In mode III, the DC bus voltage is regulated by
using two parallel converters, so there is a transient process for
adjusting the DC bus voltage back to its reference value. The
output power of each converter also changes along with the
input PV voltage. By using the passivity-based control method,
the impact of perturbations can be avoided and the output
power of each converter can finally return to its original value.
Theraboveresultsiproverthatitherproposedicontrol strategy can
ensure the stability of the DC microgrids with the perturbations
in the input voltage.

For stability analysis with reference voltage perturbations,
the simulation tests are conducted below. The reference per-
turbation cannot be ignored when droop control is adopted
for multiple converters when they all regulate DC bus volt-
age simultaneously. Simulation results with reference voltage
perturbation are shown in Fig. 17.
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Fig. 17. Simulation results with reference voltage perturbation in storage-

dominating mode. (a) Voltage waveform. (b) Output power waveform.

The perturbation in the battery output reference voltage is
assumed to increase from 100 V to 105 V at 0.4 s and decrease
back to 100 V at 0.6 s. It is obvious that wup.s follows the
reference voltage and changes from 100 V to 105 V after
0.4 s and then goes back to 100 V after 0.6 s, as shown in
Fig. 17. The load power P,.q is approximately equal to the
sum of the discharging power P, and the PV source power
P,y in steady state. The above results prove that the proposed
control strategy can ensure the stability of droop-controlled
DC microgrids with reference voltage perturbations.

D. Transition between Different Mode

To further evaluate the practicability of the proposed control
strategy, for the case of operational mode transition, the system
dynamic performance is simulated. For simplification, the
mode transition cases between mode II and mode III are
implemented in Fig. 18. The waveforms of uy,s and the output
power for each converter under the proposed control strategy
are respectively shown in Fig. 18.

The operational mode changes from mode III to mode II
at 0.5 s, and goes back to mode IIl at 0.7 s. Accordingly,
the battery status is changed from CVC mode to the charging
mode at 0.5 s, and goes back to CVC mode at 0.7 s. It is
obvious that the proposed control method could stabilize g
and achieve the expected values of output power for each
converter under mode transition.

VI. CONCLUSION

The PBSC has been applied to DC microgrids; however,
only the output impedance passivity is commonly considered
for each converter, which cannot ensure the overall bus voltage
stability of the DC microgrids. In the small-signal model of
the DC microgrids, the perturbations of the input voltage,
output current and reference voltage of the converters have

www.manaraa.com



YU et al.: PASSIVITY-BASED ACTIVE STABILIZATION FOR DC MICROGRID APPLICATIONS 37

106 F—— S T
S 104 fo e s @saatiens
S0k :MODE Il
£ 100 1
S 98 o
> 96 Eoenensaras .
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
(@)
1200 T s
S HYUTF "Mode change i wosie. . Mode change |
%, 800 - Pload‘: A - ! R— L R » #P]oad~ W g 4
(5] ) 3 N Y T
z O00Fp oW Proggt 660 W TR G
L 400 esssdliciimppmnigosis _(:"}%»w' DY: i
200 F++ Pogs 290 W 4P 200 W A Py 290 WH
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
(b
Fig. 18.  Simulation results of mode transition between mode II and mode

III. (a) Voltage waveform. (b) Output power waveform.

inevitable impacts on the DC bus voltage stability, which
means that if and only if all these three passivity requirements
are satisfied, will the parallel converter system be passive and
stable. An improved active stabilization strategy of the inter-
face converters in DC microgrids is proposed. In particular, a
combined control diagram with a PI controller and a first-order
HPF is employed in the proposed stabilization algorithm to
satisfy the passivity of the input voltage and reference voltage
with respect to output voltage. Meanwhile, an output current
feedback control loop is introduced to ensure the output
impedance passivity. The proposed control method guarantees
the overall passivity of the control diagram considering the
perturbations from the input channels of the input voltage,
reference voltage and output impedance.
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