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Abstract: Large disturbances frequently happen in isolated AC/DC Hybrid Microgrids. Unfor-
tunately, constant power loads (CPLs) with negative impedance characteristics are equivalent to
positive feedback, resulting in an increase in large disturbances. The system can easily become
unstable. Consequently, large signal stability criteria are proposed in this paper. Combined with
a three-dimensional region of asymptotic stability (3D RAS) method for islanded AC/DC Hybrid
Microgrids, important parameters to increase stability margins were determined. Firstly, mixed
potential theory was used to derive a large-signal stability criterion. The criteria gave constraints on
filtering parameters, CPL power, power of the battery to charge and discharge, AC resistive loads,
and DC bus voltage. Then, Lyapunov functions were constructed, and the Lasalle invariance principle
was adopted to achieve 3D RAS. When large disturbances emerged, and simultaneously voltage and
current varied in 3D RAS, the system always obtained stability and reached new steady-state equi-
librium points. Finally, according to comparisons, bigger capacitances of the DC bus capacitor and
the AC capacitor, larger battery discharging power and smaller charging power could significantly
increase stability margins of islanded Microgrids. Simulations and experimental data have shown
that the large signal stability criteria and the 3D RAS work.

Keywords: AC/DC hybrid microgrid; constant power loads (CPLs); 3D region of asymptotic stability
(3D RAS); large signal stability

1. Introduction

With declining fossil energy production, the energy crisis has led to the widespread
use of solar PV and wind power [1]. Microgrids consist of distributed renewable energy
sources, controllable loads, energy storage devices and various converters [2-5]. AC/DC
Hybrid Microgrids possess DC and AC busbars, combining the advantages of both AC and
DC Microgrids [6,7]. In islanded AC/DC Hybrid Microgrids, energy storage unit balances
the generation power and consumption power, and stable operations are easily maintained
without large disturbances [8-10]. Unfortunately, due to the high proportion of power
electronic equipment and their low inertia, system sensitivity to significant disturbances is
high in islanded AC/DC Hybrid Microgrids, and it is quite difficult to obtain large signal
stability [11].

Furthermore, in islanded AC/DC Hybrid Microgrids, on account of their closed-loop
control connection to the bus, the majority of loads are considered to be CPLs with negative
incremental impedance characteristics [12]. CPLs are equivalent to positive feedback during
large disturbances and easily introduce instability [13-15]. Consequently, guaranteeing the
stability of islanded Hybrid Microgrids with CPLs during large disturbances has become
an essential issue.

A lot of methods have been proposed to conduct large signal stability analysis [16-18].
In reference [19], Lyapunov’s theorem has been used to create an adaptive disturbance
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estimator to reduce external disturbances and parameter uncertainty. In [20], the Lya-
punov function of the DC power system is derived using the BDQLF method and the
Takagi-Sugeno model, and the stability of the system is investigated. Reference [21] consid-
ers converter structure changes, established a nonlinear reduced-order model, analyzes
large signal stability, and reveals an instability mechanism. To ensure system stability
during a large disturbance, Ref. [22] proposes a mixed-potential-theory-based stability
criteria. In [14,23], mixed potential function(MPF) is used to derive a DC Microgrid’s large
signal stability requirement and interpret the relationship between system parameters and
stability. The voltage frequency and current control mechanisms of isolated microgrids that
are fed by controlled inverters are investigated in [24], and the large signal stability of the
system was investigated. In [25], the research object is the AC/DC hybrid microgrid, with
a particular focus on developing the Liapunov function and analyzing the system’s large
signal stability. Although the system’s large signal stability criteria are derived from the
aforementioned literature, the region of asymptotic stability (RAS) and stability margins
were regrettably not stated.

A nonlinear DC grid’s stability analysis of each equilibrium point and convergence
analysis of state trajectories are both accomplished in [26], which suggests a large signal
stability investigation of the standpoints of potential theory. In [27], a large signal stability
method for the VSC-HVDC system based on attraction domain estimation is proposed,
and the large signal stability of the VSC-HVDC system is analyzed. In [28], the large
signal stability of DCMG is proposed, the influences of circuit parameters, power flow and
topology changes on stability is revealed, and finally, RAS is estimated. References [26-28]
investigate the stability domain of a DC system built from paralleled DC/DC convert-
ers. For an AC/DC Hybrid system, [29] estimates the RAS of the system, and discusses
parameter influences on RAS. Reference [30] establishes a large signal nonlinear model
and derives RAS of AC Microgrids, and influences of load transients and voltage source
changes on RASs are proposed. In [31], the Liapunov functions and their RAS have been
made for generators and power sharing loads in the microgrid. According to [32], the
load level can have a substantial impact on the amplitude of the RAS in a DC power
system. References [29-32] obtained a relatively simple two-dimensional RAS (2D RAS) for
a AC/DC Hybrid Microgrids system, and the stability domain studied generally involves
only two state variables in the Microgrids, which cannot describe the stability domain of
the whole Microgrid system in more detail.

Moreover, mixed potential function(MPF) derives stability criterion in analytic form,
and is more suitable for large signal stability analysis of nonlinear system [33,34]. MPF
is usually adopted for AC/DC hybrid Microgrid analysis, and obtain a relatively simple
two-dimensional RAS (2D RAS). However, only two state variables are considered and
more details of the system are neglected.

RAS is quite important to quantitatively indicate the parameter influences on system
stability margins. In fact, actual Microgrids are extremely complicated, and more than
two state variables (capacitor voltages and/or inductor currents) are usually involved.
Unfortunately, existing stability analysis methods obtain 2D RAS only related to two state
variables for simple systems. Consequently, deriving the RAS of more state variables for
complicated systems has attracted a lot of attention. In particular, how to propose 3D
RAS related to three state variables for islanded AC/DC Hybrid Microgrids has become a
key issue.

The mixed potential function can establish Liapunov-type energy functions and also
achieve large signal stability criteria. It is more appropriate for large-signal stability anal-
ysis, notably in regard to instability problems induced by constant power loads [33,34].
Consequently, the mixed potential function is used in this paper to establish large signal
stability criteria and the Lyapunov function model, and then the Lasalle invariance princi-
ple is introduced to achieve 3D RAS for islanded AC/DC Hybrid Microgrids. Furthermore,
important parameters to increase stability margins are determined, especially the positive
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effect of batteries as inertial links to improve system stability, and simultaneously negative
effects of CPLs are also considered. The main contributions of this paper are:

According to the coordinate transformation abc-dq, equivalent nonlinear models of
islanded AC/DC Hybrid Microgrid are established.

Based on mixed potential function, large-signal stability criteria and the Lyapunov
model for islanded AC/DC Hybrid Microgrid are both derived, and the proposed
criteria give constraints on filtering parameters, CPL power, power of the battery to
charge and discharge, AC resistive loads, and DC bus voltage.

On the basis of the Lyapunov model, the Lasalle invariance principle is adopted to
achieve 3D RAS of islanded AC/DC Hybrid Microgrids.

The 3D RAS indicates the larger capacitance of the DC bus capacitor and the AC capac-
itor; larger battery discharging power and smaller charging power could significantly
increase the stability margins of islanded AC/DC Hybrid Microgrids.

2. System Topology and Control Strategy

The topology of AC/DC Hybrid Microgrids mainly includes a distributed generation

unit, energy storage unit, DC-AC converter, constant power loads (CPLs), LC filter and AC
resistive loads. The system topology is shown in Figure 1.
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Figure 1. AC/DC Hybrid Microgrid topology.

L1, Ry and C are filter elements of the DC-AC converter. V), is the voltage of the

batteries and L3 and C; are filter elements of CPLs. Ry is the resistor of CPLs. R; is the AC
resistive load. C;, is the DC capacitor.

The CPLs are implemented through a closed-loop controlled converter and a resistor,

as shown in Figure 2. The voltage and current characteristic curve of CPLs is shown in
Figure 3. As the voltage increases, the load current decreases. Consequently, it can be
derived that Av/Ai < 0, a negative incremental impedance characteristic of CPLs.



Electronics 2022, 11, 4042 4 0of 20

L L,

+
s, I |
DC o o I
Source Dr}:/er C= V
S, a I >

. + VI‘U/
PWM]¢ [Pk

Figure 2. Representative structure of CPLs.
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Figure 3. CPLs’ voltage and current curve.

In isolated AC/DC Hybrid Microgrids, distributed generation units support the
voltage and frequency of the AC bus. In the battery, the batteries are connected to the
AC bus through a cascaded DC-AC converter and bidirectional DC-DC converter. The
DC-DC converter adopts the DC bus voltage outer loop and inductor current inner loop,
and the control block diagram is shown in Figure 4. The reference value v,,s of DC bus
voltage is compared with the actual value v;. and the output of PI voltage controller is
the reference value i, of the inner loop. The output of the PI current controller is used to
generate PWM charging or discharging signals. If v, > v, that means the new energy
sources are not enough to support DC bus voltage, and the discharging PWM signals are
activated to increase v;.. On the contrary, when v,,s < vy, the charging PWM signals are
triggered to decrease vy .

® Sum block

I
PI current Charging [
controller I_’IPWMl—PI pe:.r Sg'!s | ‘
\
|

PI current Discharging
controller | ’I PWM l_’l pulsg =

Figure 4. Bidirectional DC-DC converter control block diagram of battery.

In Figure 5, V. is three-phase voltage and I, is three-phase current. 6 is the initial
phase angle obtained by PLL. w is angular frequency. u; and 1, are the d-axis and g-axis
components of AC voltage, respectively. i; and i, are the d-axis and g-axis components of
AC inductor current, respectively. U4, and v, are the reference value and actual value
of DC bus voltage, respectively. ig.ys is the reference value and iy is the actual value of
current inner loop.
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Figure 5. Bidirectional DC-AC converter control block diagram of battery.

Equivalent Nonlinear Model of Islanded AC/DC Hybrid Microgrids

To model a DC-AC converter between AC bus and DC bus, the general PWM rectifier
is utilized and shown in Figure 6. e,, e}, and e, are AC three-phase voltages, e} represents
DC electromotive force, iy, i, and i are the currents through inductors, C;. represents the
DC capacitor, Ry, is the DC load, L is the AC filter inductor, N is the DC reference point, v,
represents DC bus voltage, and R is the equivalent resistance of the inductor. When e; =0,
the DC load is pure resistor.

R:
v,
.

I“ ¢ R‘# ¢
L i, R v, v,
(3
= \'&
C,
V' I V' R/
R,?] R, lﬁ A

Figure 6. Topology of PWM rectifier.

Based on Figure 6, Kirchhoff’s voltage equation and current equation are derived, and
transformed from abc to two-phase dq, and shown as:
L% — (ULiq + Rig =e5 — 04,54
L%Lﬁ wLigl + Rig = e — v4c84 (1)
v . . .
G = 3 (igsq + asa) — i1
In (1), i is the load current, and i; and i; are the d-axis and g-axis components of the
three-phase current. Based on the power conservation theorem and (1), the PWM rectifier
is equivalent to a two-port input, single-port output, and three-port network. According
to Figure 7, iy is DC current, v, is DC voltage, and v; and v, are the d-axis and g-axis
components of the three-phase voltage, respectively. iy and i, are the d-axis and g-axis
components of the three-phase current, respectively, and R is DC load.

R L wLi,

* 5
d —
€4 V4 > .
T4

Figure 7. Equivalent model of PWM rectifier.
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Generally, distributed generation units are equivalent to an AC voltage source. The
power of CPLs is P. The AC voltage source’s d- and g-axes are eq and 0. The DC-DC
converter of battery adopts a voltage and current double-closed-loop control. The battery
functions in the same way as a controlled power source when the batteries are in the process
of discharging, and the discharging power is P;. R; is the AC resistive load. Ls and C; are
filter inductance and capacitance, respectively, and R; is the line-equivalent resistance. DC
bus voltage is denoted by v, and DC capacitance is denoted by C;.. Figure 8 shows the
equivalent model of AC/DC Hybrid Microgrids with the battery in discharging mode.

Rl Rs Ls
—1 1 [ }—= —
+ i + iz + i +

i ot & ]

P, P

Figure 8. The equivalent model of AC/DC Hybrid Microgrids in discharging.

Similarly, when in charging mode, the battery absorbs power and is equivalent to
resistance R. The power of R is the battery charging power P,. The equivalent model when
the battery is in charging mode is shown in Figure 9.

R, R, L
“'__i;:'L n :—’w‘:_—. T l—- n
2 3
eq = Vs Va <T =V ]
(:S []Ra Cd(.‘ d R P[

Figure 9. The equivalent model of AC/DC Hybrid Microgrids in charging.

To sum up, the equivalent models of microgrids are shown in Figures 8 and 9. The
current of the DC-equivalent controlled current source is controlled by v;. At the same
time, the relationship between i3 and v, is:

; 3Z)di2
3 =
Zvdc

@

According to Figure 8 and (2), the steady-state equilibrium point A (Vs, V., 12) of
microgrids in discharging mode is obtained, and shown as:

i305. + P, =P
Z)S—Z)d—ist =0
Zvdcig = 3Z)di2 (3)
i1 = 1% +1ip
e — ilRl + s

Similarly, based on Figure 9 and (2), P, is the charging power. The steady-state
equilibrium point B (V;, V4, i3) of microgrids in charging mode is shown as:

i1 = 1%1 + i2
eq = 1Ry + s
Zvdcig, = 3Z)di2 (4)

i3040 = P+ Py
s — v —ihRs =0
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P(i, Z)) = edi1 -

2

3. Large Signal Stability Analysis of AC/DC Hybrid Microgrids
3.1. Large Signal Models and Stability Criteria When Battery Is in Discharging Mode

Brayton and Moser first presented the mixed potential method in 1964, which has been
widely used to study the stability of large signals in nonlinear systems [35-38]. According
to the equivalent model of microgrids in discharging mode in Figure 8, the state variables
are DC bus voltage v;., AC side inductor current i, and AC bus voltage v;. A large signal
nonlinear model was built as per mixed potential theory.

1 1 Vdc Yic P 2 Ydc P,
l'%Rl — *izst — vgly — / izdv + / ;dv + % / bd'(] + vsip — Vsip 5)
0 0

2 2R, Jo v

Then, the current potential function is achieved and shown as:

) , 1. 1. .
A(Z) = —(Edll — Ellle — Elzst — Z)dlz) (6)

The voltage potential function is:

Vdc | Vic P o Ydc P, . .
B(v) = —/O 13dv+/0 ;dv—i— 215311 —/0 ?bdv—o—vszz — vsiq 7)

According to (6) and (7), the following formulas are obtained:

Rs

LT2A@)L7Y2 = & ®)
S
o 0
C—”ZB(vv)C‘”z:[b“ B__ _p ] ©9)
Cdcvéc Cdfvﬁc

In accordance with the mixed potential function’s third stability theorem, the min-
imal eigenvalues of the matrices L=Y2A;()L=Y2 and C~ V2B, (u)C~1/? are pp and pp,
respectively. According to (8) and (9), y1 and y, are shown as:

Ry . { 11 (Pb - P) }
== = min , = 10
1 Ls K2 CsR, Cdc Z]dcz ( )

To guarantee large signal stability, 1 + p is required to be more than zero. Conse-
quently, the large signal stability criteria of microgrids in discharging mode are derived

as follows: R ) 1 /p_p
S . b —
— + min , = >0 11
Ls {CSRIJ Cdc ( Z]dcz )} ( )

The proposed criteria in (11) indicates that when the battery is in discharging mode,
large signal stability of microgrids is related to the battery’s discharging power P, the
DC voltage V., the CPL power P, the AC resistive load R,, the DC capacitor Cy,, the AC
inductor Ls and the AC capacitor Cs.

3.2. Large Signal Models and Stability Criteria When Battery in Charging Mode

Similarly, based on the equivalent model of AC/DC Hybrid Microgrids when the
battery is in charging mode as shown in Figure 9, we obtained the following large signal
nonlinear model:

1 1 Vde Ve P 2 2
P(i,v) = egiq — 51'12131 — 51'22Rs — vgip — /0 isdv +/0 —dv+ ;;a + 02”’1% + vgiy — vsiy (12)
The current potential function is:
. .1, 1, )
A(i) = —(eqip — EllRl — EIZRS — vgip) (13)
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The voltage potential function is:

Yde 2 Z)dcz . ,
B(v) = _/o 13dv+/ —d +2Rg + R + vglp — Vsl (14)

Large signal stability criteria of Microgrids when the battery is in charging mode is:

R; . { 1 1 (_Pch — P) }
— 4+ min , = >0 15
LS CsRa Cdc Z)dcz ( )

The criteria in (15) show that when the battery is in charging mode, large signal
stability criteria are related to the DC voltage V., the CPL power P, the AC resistive load
Ry, the DC capacitor Cg,, the AC inductor Ls, the AC capacitor Cs, and the charging power
P, of batteries. P, is the power of the equivalent battery resistor R.

4. Three-Dimensional RAS
4.1. Three-Dimensional RAS When Battery Is in Discharging Mode

Based on (5), the Lyapunov function of microgrids when the battery is in discharging
mode was calculated and shown as [37,38]:

_ 1 1 v 2 1 P P \?
Plio) = ML—H2p (iR _ L (FRT I S (S T 16
(i,0) 5 (i,0) + 2Ls( isRs + v vd) + 2. ip + R, i1] + T i3 o + o (16)

The first-order time derivative of the Lyapunov function is:

dP*(ip) _ p— ;42 dP(iv) | 1 (aP dzz dvg 1 (oP\(di» , 1 dv
dt i o iR+ )t oo )\t v

1 (9P \( Dy doge _ P dog (17)
Cac oo )\ 2, 7@t — 2 ar
In (17), it is satisfied that:
dip
dt :LL(£ :%(*IZRS‘FUs*vd)
dvs —
g =& (5) =-&(etk-n) o
dUdC 1 _ 1 i Dy p
== (F) =~ (- ik )

It is necessary to determine whether the Lyapunov function.

P*(i,v) is positive definite, and at the same time determine whether the first-order
derivative of the Lyapunov function with respect to time dP*(i,0)/dt is negative definite. If
the Lyapunov function is positive definite, at the same time, the first order derivative of it
is negative definite, and the RAS exists.

Based on (16) and (17), combined with the LaSalle invariant principle, 3D RAS of
microgrids when the battery is in discharging mode is:

RAS = {(USI Udcs iZ) : P*(US/ Odcr iZ) < minp* (USI Udcmins 12)} (19)

12,05

4.2. Three-Dimensional RAS When Battery Is in Charging Mode

Similarly, based on (12), the Lyapunov function of microgrids when the battery is in
charging mode is calculated and shown as:

2 2
M=t p 2, 1 1 . Py, P

_ (—i,R - — | - —_ 4 — 20

P*(i,v) = 5 P(i, v)+2LS( irRs + 05 — vy) +2C (12+Rﬂ 1) +2Cdc( 13+0dc+vd6 (20)
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The first-order time derivative of the Lyapunov function is:

dP*(iv) _ m—pp dP(iv) | 1 (9P diy dv 1 (P (di, , 1 do
g =7 —ar Tl —@ER T ) e loe ) (G TR E
L( ap) —DPey dvge _ P dvug, (21)
Cae \ 3040 @2, dt 2 dr
In (21), it is satisfied that:
dip _ 1 (aP\ _ 1/ ;
th = E(E) = L_S(_ZZRS +vs —Ud)
dvs __ 1 (0 _ 1 (: [2 .
d_ts__C_s<a_vs ——c—s(lﬁR—Z—ll) (22)
dvg, 1 (9P \ _ 1 : Loy P
i T s m) ——c—dc(—l3+v—;+rdc)

Similarly, 3D RAS of AC/DC Hybrid Microgrids when the battery is in charging mode
is also shown as (19).

5. Experimental Verification of Large Signal Stability Criteria and 3D RAS

According to Figure 1, to confirm the accuracy of the suggested large signal stability
criteria in (11) and (12), an experimental platform of AC/DC hybrid microgrids was
constructed (15), and also to verify 3D RAS in (19). The experimental platform is shown
in Figure 10, and is composed of an AC voltage source, DC-DC bidirectional converter,
DC-AC bidirectional converter, AC resistive load, CPLs and batteries.

AC Resistive
Load Converters

Figure 10. AC/DC Hybrid Microgrid experimental platform.

Large disturbances are introduced by power variations of CPLs. Table 1 displays the
experimental platform’s parameters.

Table 1. Experimental platform parameters of microgrids.

Parameters Value
AC inductor (Ls) 1000 uH
AC filter capacitor (Cs) 680 uF
DC capacitor (C4,) 200 uF
AC voltage source 20V

Py, batteries discharging power 20W
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5.1. Experimental Verification of 3D RAS and Large Signal Stability Criteria When the Battery Is
in Discharging Mode

When the battery is in discharging mode, at the same time, the initial power of CPLs
is 40 W. Based on Table 1 and (3), the initial steady-state equilibrium point of system is
(19.92V, 60V, 0.67 A). Furthermore, according to (11), the large signal stability criteria is

shown as:
Rq Py P
T 2 2
LS Cdcvdc Cdcvdc

>0 (23)

From (23), the power of CPL must satisfy the following conditions in order to ensure
large signal stability:
P<92W (24)

Two group experiments were performed: Group A, the power variation of CPLs from
40 W to 80 W, and Group B, the power variation of CPLs from 40 W to 100 W. Obviously,
Group A’s parameters met the condition (24), while Group B’s parameters did not (24).

Firstly, Group A was adopted. When the power of CPLs increased from 40 W to 80 W,
the new steady-state equilibrium point was (19.85 V,60 V, 2.04 A). According to (16), the
Lyapunov function is:

P, — P 1. 1 ( 05 .)2 1 < R P>2
+ (iR +0s — V)" + == 2+ o — i1 | + —iz — —~ + — 25
Cdcvi) ar, (TR e v e B R, i) T TP T o 2

The slice function of Matlab was used to color the Lyapunov function, and values are
reflected by the different colors. Figure 11 is the four-dimensional Lyapunov function of
microgrids when the battery is in discharging mode.

oy
=)
S

~
2]
=)

0
N
Lyapunov function

DC Bus Voltage (V)
N 1]
o o

=]

100

50

25 N~ - 25 -10
AC Bus Voltage (V) 0 0 AC Inductive Current (A)  x10°
Figure 11. Four-dimensional graph of Lyapunov function of microgrids with the battery in discharg-
ing mode.

In Figure 11, the positive definite Lyapunov function exists. According to (17), the
first-order time derivative of the Lyapunov function is:

1(Rs _ P,—P \dP(iv) , 1 (aP di dus 1 (9P (di 1 dos
z(Ls T o ) i+ (3) (@R F) + & (8) (% + %)
. (26)
1 (0P Py dvge P dvy
Cdc (avdc> (Udcz dt vzzic dt >
The slice function of Matlab was also used to color dP*(i,v)/dt, as shown in Figure 12.
Obviously, negative definite dP*(i,v)/dt exists.
Figures 11 and 12 indicate that 3D RAS exists. Based on (19), the 3D RAS of Hybrid
Microgrids with the battery in discharging mode (CPLs power was 40 W) was derived and
shown in Figure 13. The steady-state equilibrium point when CPL power was 40 W is also

marked with *. It can be observed from Figure 13 that the equilibrium point is in the 3D
RAS of microgrids.
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50

DC Bus Voltage (V)

60 -45
~

40
100 o 20 AC Inductive Current (A)

AC Bus Voltage (V)
x10"?

Figure 12. Four-dimensional graph of the first derivative of Lyapunov function with respect to time
of microgrids with the battery in discharging mode.

% The equilibrium point

10

AC Bus Voltage (V) AC Inductance Current (A)

10 -5

Figure 13. The 3D RAS of microgrids with the battery in discharging mode (CPLs power is 40 W).

Similarly, when the CPLs power was increased to 80 W, the new 3D RAS and new
equilibrium point of microgrids with the battery in discharging mode were both derived
and shown in Figure 14. It is definite that the 3D RAS of 40 W is larger than the 3D RAS of
80 W, and both steady-state equilibrium points are in 3D RAS. Comparisons indicate that as
the power of CPLs increases, the negative impedance characteristic becomes stronger, and
the stability margin of microgrids with the battery in discharging mode is reduced. The
positions of two steady-state equilibrium points show that microgrids would eventually
reach the new equilibrium point. When Group A is applied, the system gained large

signal stability.
80W

% The equilibrium point

DC Bus Voltage (V)

AC Bus Voltage (V) AC Inductance Current (A)

10 -5

Figure 14. The 3D RAS of microgrids with the battery in discharging mode (CPL power is 40 W and
80 W).

As Group A is utilized in the AC/DC Hybrid Microgrid experimental platform, AC
and DC bus voltage waveforms when CPLs power varied from 40 W to 80 W are shown in
Figure 15. When the power of CPLs was 40 W, the AC bus voltage is 20 V and the DC bus
voltage is 60 V. When the CPL’s power rose from 40 W to 80 W, nevertheless, the AC bus
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voltage was always stable at 20 V, and eventually, after a brief decrease, the DC bus voltage
stabilized at 60 V. The AC and DC bus voltage were both stable with large disturbances,
and the experimental results coincided with Figure 14.

Figure 15 illustrates that if parameters satisfy (24), AC/DC Hybrid Microgrids with the
battery in discharging mode could achieve large signal stability. Unfortunately, methods
of improving stability are not mentioned in the proposed large signal stability criterion.
Furthermore, the 3D RAS in Figure 14 clearly provides the stability margins of AC/DC
Hybrid Microgrids with the battery in discharging mode. Consequently, the 3D RAS
method is very popular for achieving sufficiently large stability margins, and expands the
application of stability criterion in (24). The 3D RAS method, combined with large signal
stability criteria, could improve system stability by optimizing stability margins.

207%% %N %% %% %%
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Figure 15. AC and DC bus voltage waveforms of microgrids when battery is in discharging mode
(CPL power varied from 40 W to 80 W).

Next, Group B was adopted. When the power of CPLs increased from 40 W to 100 W,
the new steady-state equilibrium point was (19.81 V, 60 V, 2.73 A), and the 3D RAS of
AC/DC Hybrid Microgrids with the battery in discharging mode was also derived and
shown in Figure 16. It is obvious that the 3D RAS of 40 W is larger than the 3D RAS of 100
W. The initial steady-state equilibrium point was within the 3D RAS of 40 W; unfortunately,
the new equilibrium point was outside the 3D RAS of 100 W. Consequently, microgrids
in discharging mode working at the initial equilibrium point would not reach a new
equilibrium point. The system could not guarantee stable operation when Group B was
utilized.

As Group B is utilized in the microgrid experimental platform, at the same time,
Figure 17 shows AC and DC bus voltage waveforms for CPLs from 40 W to 100 W. When
the power of CPLs was 40 W, AC and DC bus voltages were 20 V and 60 V, respectively.
However, when the CPL power increased from 40 W to 100 W, DC bus voltage dropped
from 60 V to 49.6 V and AC bus voltage decreased from 20 V to 18.5 V. Figure 17 indicates
that the AC and DC bus voltage are not stable when large disturbances occur, and the
experimental results coincide with Figure 16.
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Figure 16. (a). The 3D RAS of microgrids with the battery in discharging mode (CPL power was 100 W).
(b). The 3D RAS of microgrids with the battery in discharging mode (CPL power was 40 W and 100 W).
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Figure 17. AC and DC bus voltage waveforms of microgrids with the battery in discharging mode
(CPL power increased from 40 W and 100 W).

Figure 17 shows that, if parameters do not satisfy (24), microgrids with a battery
in discharging mode cannot achieve large signal stability. Figure 16 clearly provides
relationships between steady-state equilibrium points and 3D RAS; if the new steady-state
equilibrium point is outside the new 3D RAS, the system cannot guarantee large signal
stability. Consequently, the 3D RAS method is quite applicable to analyzing system stability.

Figures 14-17 validate the large signal stability criteria (24). Figures 14 and 16 show
that the 3D RAS method can analyze the system stability and simultaneously improve
system stability by optimizing stability margins.

5.2. Experimental Verification of 3D RAS and Large Signal Stability Criterion When the Battery Is
in Charging Mode

The initial power of CPLs was 20 W when the battery was working in charging
mode. Similarly, based on Table 1 and (4), the initial equilibrium point of microgrids was
(19.88 'V, 60 V, 1.35 A). Furthermore, according to (15), large signal stability was obtained

and represented as:
Rs 1 ( —Py, - P)
—+=|———)>0 27
Ls Cc vdcz &7

From (27), the power of CPL must satisfy the following conditions in order to ensure

large signal stability:
P <54W (28)
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Two group experiments were arranged. Group C represents the power variation
of CPLs from 20 W to 45 W, and Group D represents the power variation of CPLs from
20 W to 60 W. Obviously, Group C’s parameters meet the condition (28), while Group D’s
parameters do not (28).

Firstly, Group C was adopted. When the power of CPLs increased from 20 W to 45 W,
the new steady-state equilibrium point was (19.84 V, 60V, 2.14 A).

Based on (19), the 3D RAS of microgrids with the battery in charging mode (CPLs
power is 20 W) was derived and shown in Figure 18. The steady-state equilibrium point
when CPL power was 20 W was also marked with *. It can be observed from Figure 18 that
the equilibrium point was inside the 3D RAS of microgrids.

% The equilibrium point

DC Bus Voltage (V)

0

AC Bus Voltage (V) 10 s AC Inductance Current (A)

Figure 18. The 3D RAS of microgrids with the battery in charging mode (CPL power was 20 W).

Similarly, when the CPLs power was increased to 45 W, the new 3D RAS and new
steady-state equilibrium point of microgrids when the battery is in charging mode were
both derived and shown in Figure 19. It is definite that the 3D RAS of 20 W was larger than
the 3D RAS of 45 W. As the power of CPLs increases, the negative impedance characteristic
becomes stronger, and the system stability margin is significantly reduced. Because both
equilibrium points are in 3D RAS, AC/DC Hybrid Microgrids would eventually reach the
new equilibrium point. When Group C is used, the system obtained large signal stability.

20w
45W

% The equilibrium point

AC Bus Voltage (V) AC Inductance Current (A)

10 -5
Figure 19. The 3D RAS of microgrids with the battery in charging mode (CPL power was 20 W and
45 W).

As Group C was utilized in the AC/DC Hybrid Microgrids experimental platform,
at the same time, the AC and DC bus voltage waveforms when CPL power varied from
20 W to 45 W are shown in Figure 20. The AC bus voltage was 20 V and the DC bus voltage
was 60 V when the power of CPLs was 20 W. When the CPL power increased from 20 W to
45 W, the AC bus voltage was always stable at 20 V, and eventually, after a brief decrease,
the DC bus voltage stabilized at 60 V. The AC and DC bus voltage were both stable when
large disturbances occurred, and the experimental results coincide with Figure 19.
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Figure 20 illustrates that if parameters satisfy (28), microgrids with the battery in
charging mode could achieve large signal stability. Figure 19 shows that the 3D RAS
method, combined with large signal stability criterion, could optimize stability margins
and also improve system stability.

Then, Group D was adopted. When the power of CPLs increased from 20 W to 60 W,
the new steady-state equilibrium point was (19.82 V, 60 V, 2.66 A), and the 3D RAS of
microgrids with the battery in charging mode was derived and shown in Figure 21. It is
obvious that the 3D RAS of 20 W was larger than the 3D RAS of 60 W. However, both steady-
state equilibrium points were outside the 3D RAS of 60 W. Consequently, AC/DC Hybrid
Microgrids, when the battery is in charging mode, would not reach the new equilibrium
point from the initial equilibrium point. The system could not guarantee stable operation
when Group D was utilized.

SRRBIEES IR

\l',,,,k =20V
I : i
N U =60V : IS U= 60V

Power Step

S /1 |, pcBusveiage
AC Bus Voltage

Figure 20. AC and DC bus voltage waveforms of microgrids when the battery is in charging mode
(CPL power varied from 20 W to 45 W).
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Figure 21. The 3D RAS of microgrids with the battery in charging mode (CPL power was 20 W and
60 W).

As Group D was used in the AC/DC Hybrid Microgrids experimental platform, AC
and DC bus voltage waveforms when CPLs power varies from 20W to 60W are shown in
Figure 22. When the power of CPLs is 20 W, voltage is 20 V for the AC bus and 60 V for the
DC bus, respectively. Unfortunately, when the CPL power increases from 20 W to 60 W, DC
bus voltage drops from 60 V to 40.5 V, and simultaneously, AC bus voltage decreases from
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20 V to 18.2 V. Figure 22 indicates the AC and DC bus voltage are not stable during large
disturbances, and the experimental results coincide with Figure 21.

Figure 22 shows if parameters do not satisfy (28), Microgrids when battery in charging
mode could not achieve large signal stability. Figure 21 provides relationships between
steady-state equilibrium points and 3D RAS, if the new steady-state equilibrium point is
outside the new 3D RAS, the system would not guarantee large signal stability. Conse-
quently, 3D RAS method is very useful to analyze the system stability.

Figures 19-22 validate the large signal stability criteria (28). Figures 19 and 21 show
that the 3D RAS is capable of describing the stability and instability of the system and of
enhancing system stability by optimizing the stability margin.

A I

\ Y
Uase = 20V ey
TSI abe T 04
v\(]/ =60V : w U/, = 40.5V
de ™ o
Power Step

o A,

} DC Bus Voltage
AC Bus Voltage

"

Figure 22. AC and DC bus voltage waveforms of microgrids when the battery is in charging mode
(CPLs power varies from 20 W to 60 W).

5.3. Important Parameters to Increase Stability Margins

The size of AC/DC Hybrid Microgrids 3D RAS are significantly influenced by the
charging and discharging power of the battery, DC bus capacitor C;., AC inductance Ls
and AC capacitor Cs. Stability margins could be increased by optimizing these parameters.

To illustrate if these parameters have positive or negative characteristics in relation
to 3D RAS. Compare the 3D RAS when one parameter changes while the other system
parameters remain constant.

Firstly, the influence on 3D RAS from battery discharging power P, was analyzed.
When discharging powers were 20 W, 30 W and 40 W, the 3D RAS were derived, respectively,
and shown in Figure 23. It is observed from Figure 23 that as the battery discharging power
increases, the 3D RAS of AC/DC Hybrid Microgrids also significantly increases.

Then, the influence on 3D RAS from battery charging power Pch was considered.
When charging powers are 45 W, 60 W and 75 W, the 3D RAS are shown in Figure 24. It
is confirmed that as the battery charging power increases, the 3D RAS of AC/DC Hybrid
Microgrids decreases. Similarly, it is confirmed that if the loads consuming power become
bigger, the 3D RAS of AC/DC Hybrid Microgrids becomes smaller.

The influence on 3D RAS of the DC bus capacitor C;. was analyzed. When DC bus
capacitors were 200 pF, 400 puF and 600 uF, the 3D RAS were derived, respectively, and
shown in Figure 25. It is obvious that as the DC bus capacitors increase, the 3D RAS of
AC/DC Hybrid Microgrids also increases.
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Figure 23. Different 3D RAS of microgrids when battery discharging powers are 20 W, 30 W and
40 W.
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Figure 24. Different 3D RAS of microgrids when battery charging powers are 45 W, 60 W and 75 W.
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Figure 25. Different 3D RAS of microgrids when DC bus capacitors are 0.0002 F, 0.0004 F and 0.0006 F.

The influence on 3D RAS from AC capacitor Cs was considered. When AC capacitors
were 680 uF, 1000 uF and 1500 uF, the 3D RAS were as shown in Figure 26. It is confirmed
that as the AC capacitor increases, the 3D RAS of AC/DC Hybrid Microgrids also increases.

In summary, in order to increase the stability margins and 3D RAS of islanded AC/DC
Hybrid Microgrids, the DC bus capacitor and AC capacitor can be increased appropriately.
Furthermore, the power also plays an important role in stability margins and 3D RAS. A
larger battery discharging power increases 3D RAS, while smaller loads consuming power
also lead to larger 3D RAS.

The 3D RAS method could clearly recognize the key parameters determining stability
margins, and could also easily improve stability through parameter optimization.



Electronics 2022, 11, 4042

18 of 20

References

B C,= 0.00068F
C,=0.001F
C,=0.0015F

DC Bus Voltage (V)

AC Bus Voltage (V) 15 0 AC Inductance Current (A)

Figure 26. Different 3D RAS of microgrids when AC capacitors are 0.00068 F, 0.001 F and 0.0015 E.

6. Conclusions

This paper proposed large signal stability criteria combined with the 3D RAS method
to guarantee islanded AC/DC Hybrid Microgrid stability during large disturbances. Firstly,
equivalent nonlinear models in the dq rotating coordinate system were established. Then,
large signal stability criteria were obtained based on mixed potential function. Lastly,
Lyapunov functions were constructed, and the Lasalle invariance principle was adopted to
obtain the 3D RAS of islanded AC/DC Hybrid Microgrids.

In particular, filtering parameters, CPL power, battery charging and discharging power,
AC resistive loads, and DC bus voltage were all interpreted by the large signal stability
criteria. Additionally, the derived 3D RAS was related to DC bus capacitor voltage, AC
capacitor voltage and AC inductor current, and is extremely applicable for indicating the
stability margins of complicated AC/DC Hybrid Microgrids.

The presented large signal stability criteria, combined with the 3D RAS method for
islanded AC/DC Hybrid Microgrids, clearly provides important system parameters. To
increase stability margins, increasing the capacitance of the DC bus capacitor and the AC
capacitor, and increasing the discharging power of batteries are all very effective methods.

The large signal stability criteria, combined with the 3D RAS method for an islanded
AC/DC Hybrid Microgrids system, not only provides a visual and intuitive opportunity
for large-signal stability analysis, but also gives important stability design conditions for
increasing large signal stability margins.
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