IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

7861

Immittance-Based Stability and Instability
Participation Analysis for DC Microgrids

Bangbang He"”, Member, IEEE, Wu Chen
Han Mu

Abstract—The existing immittance-based stability analysis ap-
proaches for dc microgrids rarely account for the line network,
and they are always troubled by the non-minimum phase issues. In
this article, we introduce a novel method for stability analysis based
on the determinant of the constructed immittance matrix. Since the
determinant’s right-half-plane poles are explicitly proven absent,
it is only necessary to ascertain the net number of times that the
phase trajectory crosses the 1-180° line in system stability analysis.
Subsequently, based on the immittance matrix decomposition and
sensitivity calculation, a participation analysis method is further
presented to identify the critical converter that dominates system
instability. Finally, the simulation case of a 750 V 30 kW dc¢ micro-
grid and the experiment case of a 24 V 180 W dc¢ microgrid are
established to validate these methods.

Index Terms—DC microgrids, immittance,
analysis, right-half-plane (RHP) pole, stability.

participation

1. INTRODUCTION

N response to global warming and its associated suite of
I severe environmental issues, low-carbon transition has be-
come a global consensus. Vigorously developing renewable
energy is one of the important measures to achieve low-carbon
transformation of energy sector. DC microgrids can efficiently
and friendly integrate renewable energy sources, such as pho-
tovoltaics and wind power, as well as dc loads like electric
vehicles and data centers, which has been widely studied and
applied [1], [2], [3]. Furthermore, dc microgrids have facilitated
the transition from traditional centralized power generation to a
distributed architecture, yielding the significant economic bene-
fits [4]. However, due to the complicated interaction between
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numerous converters and passive networks, the small-signal
stability remains a major concern for dc microgrids [5], [6].

At present, the stability analysis approach based on im-
mittance (i.e., impedance and admittance) has become widely
popular because of its clear physical meaning and measurabil-
ity [7], [8], [9]. Generally, the immittances of all converters
are used to construct a transfer function expression related to
system stability. Then, whether the system characteristic roots
are located in the right-half-plane (RHP) can be judged by
the frequency-domain trajectory. Over the past half-century,
many immittance-based stability criteria have been reported,
such as the forbidden region criteria represented by the Mid-
dlebrook criterion [10], [11], impedance-ratio criterion [12],
impedance-sum criterion [13], admittance-sum criterion [14],
and global admittance criterion [15]. In [16], the existing five
stability criteria are studied and compared in the interconnected
converter systems. It is found that although they are equivalent
in reflecting the system characteristic roots, they may all suffer
from the non-minimum phase issue and zero-pole cancellation
risk. In order to avoid these problems, the stability criterion
without RHP poles was proposed in [17] and [18]. However, the
criterion is only applicable to the highly centralized dc microgrid
with multiple paralleled converters, where the line network is
neglected.

According to the research conclusion of [9], in some cases,
the line impedance may be beneficial to the stability of a
dc microgrid, and ignoring the line network could lead to a
misjudgment of system stability. To overcome this issue, Hu
et al. [19] addressed the stability of the meshed dc distribution
power system (DPS) with four nodes, and proposed a stability
criterion based on the inverse impedance matrix. However, the
method includes the complex inverse calculation of a fourth-
order impedance matrix and 16 transfer functions should be
assessed. Li et al. [20] investigated the stability of dc DPS with
multiple nodes and complex network, and proposed two stability
criteria based on admittance matrix sum and equivalent loop
gain, respectively. However, these two methods not only face the
RHP pole problem, but also include the complicated eigenvalue
calculation of a high-order transfer function matrix. In order to
simplify the analysis and calculation, He et al. [9] proposed a
bus node impedance criterion, i.e., the system stability can be
assessed by any bus node impedance, which is applicable to dc
DPSs with and without a line network. However, this method
still suffers from the non-minimum phase issue and relies on the
detailed mathematical modeling.
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Fig. 1. Typical structure and small-signal equivalent model of the dc micro-

grid. (a) System structure. (b) Small-signal equivalent model.

Besides, when dc microgrid is unstable, it is necessary to
analyze the participation of each converter in system oscillation
and identify the critical instability sources, which can further
facilitate design-oriented stability improvement. The traditional
participation analysis is based on the eigenvalues of the state-
space matrix [21], which requires the complete parameters of the
entire system. Recently, several frequency-domain participation
analysis approaches have been reported [22], [23], [24], [25],
[26], most of them are based on the return-ratio matrix of
ac electronic power systems. The frequency-domain analysis
method is more suitable for the larger scale power systems with
dc microgrids with unknown parameters or grey-box models,
and the parameter sensitivity can also be further calculated
according to the chain rule [24], [25]. However, the existing
methods cannot be directly applied to dc microgrid due to the
possible existence of RHP poles in the corresponding stability
criteria.

In order to address the aforementioned challenges, this ar-
ticle aims to propose a novel stability analysis method for dc
microgrid considering the line network, wherein the RHP pole
issue can be completely avoided. Based on this, the participation
analysis method will be further presented to identify the critical
converter responsible for system instability. Finally, case studies,
simulations, and experiments will validate these methods.

II. SYSTEM MODELING AND STABILITY ANALYSIS
A. System Description and Small-Signal Modeling

Fig. 1(a) shows a typical dc microgrid, where each converter
is connected to a different dc bus node, and the interconnection
among various dc bus nodes constitutes the line network. All
converters can be divided into the following two categories [27].

1) The converter that controls dc bus voltage is classified as

a generalized voltage source (GVS), which can be repre-
sented by the Thevenin model in small-signal analysis.

2) The converter that controls dc bus current is classified

as a generalized current source (GCS), which can be
represented by the Norton model in small-signal analysis.
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Meanwhile, the line network is modeled by the node admit-
tance matrix. Then, we can build the small-signal equivalent
circuit model of dc microgrid, as shown in Fig. 1(b). In order to
facilitate analysis, some basic assumptions are given as follows.

1) The entire system contains K GVSs, M GCSs and X nodes,
where X = K + M.

2) All GVSs are connected to the first K nodes and marked
as GVSy, -, GVS;, ---, and GVSx in sequence, while all
GCSs are connected to the remaining nodes and marked
as GCSy, ---, GCSy, ---, and GCS ) in sequence.

3) ve;(s), Zo;(s), and 14, ;(s) are the controlled voltage
source, output impedance, and output current of GVSj,
respectively. i ;(s), Yin(s), and 4y ;(s) denote the con-
trolled current source, input admittance, and input current
of GCS,, respectively.

4) Vpus,« 1s the voltage of dc bus node n,, where a = 1, 2,
o X

5) Y, o(s) is the self-admittance of n,, and Y, g(s) is the
mutual admittance between nodes n,, and ng.

6) The symbol with “” represents the small-signal form of
the corresponding variable.

According to the circuit theory and network analysis method,

the node voltage equation of the system shown in Fig. 1 can be
derived as

Bous(5) = T (5)R(s) M

where
Opus () = Pbus 1(5) s+ -+, Vbus, i (S ), Dous, k1 (), -+« ,@bus,x(s)]T
(2)
T(s) =Yin(s) + Zo(8)Y ner(s) (€)

) T
viem(8)] . (4)

7{)6,1{(5)7 Z.(:,1 (5)7 e

h(s) = [@71(5),--.

In (3), T',,,(s) is the constructed immittance matrix; Yi,(s)
and Z,(s) are Xth-order diagonal matrices composed of the
input admittances of all GCSs and the output impedances of all
GVSs, respectively; Y e (s) is the nodal admittance matrix of
the line network. The expressions of Y, (s), Z,(s),and Y ()
are given as

Yin(s) = dlag [17 R 17 _Kn,l(s); Tty _KH,M(S)} (5)
ZO(S) = dlag [Z0,1(5)7 ) ZO,K(S)’ _15 T _1] (6)
Ynet(s) =
Yoo Yails)  —Yia(s) —Y1,x(s)
Yo1 Yaz(s) —Y2,x(s)

—Y5,1(s)

Yeals)  —Yxa(s)

B. System Stability Analysis

The stability of dc microgrid depicted in Fig. 1 refers to the
voltage stability of each dc bus node. According to the control
theory, the dc microgrid is stable if and only if the inverse
of T,(s) has no RHP poles. The inverse of T, (s) can be



HE et al.: IMMITTANCE-BASED STABILITY AND INSTABILITY PARTICIPATION ANALY SIS FOR DC MICROGRIDS

Imag 4 Phase 4

Nﬂﬂuo 0

-—>

1{(0,30) Real »
w—0"

Equivalent phase crossing in Nyquist contour and Bode plot.

N, N

-360°

Fig. 2.

expressed as (8), where adj[] and det[] are used to compute the
adjoint and determinant of a matrix, respectively,

adj [T (s)] _ adj[Yin(s) + Zo(8) Y ner(s)]
det [T, (s)]  det [Yin(s) + Zo(8)Y net($)] .(8)

The stability analysis for a complicated power system typi-
cally begins with the assumption that all converters are stable
in their standalone operation conditions. Then, both Z,, ;(s) and
Yin,i(s) do not contain any RHP pole. In addition, since the line
network is passive, Y ei($) also has no RHP zeros or poles.
Given that the matrix’s adjoint and determinant operations only
involve the addition and multiplication, neither adj[T",,(s)] nor
det[T',,,(s)] contains RHP poles.

Based on the aforementioned analysis, when det[T",,,(s)] has
no RHP zeros, the dc microgrid is stable, and vice versa. Accord-
ing to the Cauchy’s argument principle, whether det[T",,, (s)] has
RHP zeros is equivalent to whether its Nyquist contour encircles
the origin clockwise. As illustrated in Fig. 2, the number of times
that the Nyquist contour of det[T',,, (s)] clockwise encircles the
origin can be calculated as 2(N—N_) in the Bode plot, where
N and N_ denote the number of times that the phase trajectory
crosses the +180° line from above to below and from below
to above, respectively. Note that if the phase trajectory starts or
ends at the +180° line from the top down, [V is counted as 0.5.
Conversely, if the phase trajectory starts or ends at the £180°
line from the bottom up, N_ is counted as 0.5.

In summary, the stability criterion based on the determinant
of the immittance matrix can be described as follows. It can be
seen that this criterion only requires the phase information to
assess the system stability, which is easier and more feasible.

Criterion: The dc microgrid depicted in Fig. 1 is stable if
and only if the net number of times that the phase trajectory of
det[T',,,(s)] crosses the line at £180°, i.e., N;.—N_, is zero.

T, (s) =

III. INSTABILITY PARTICIPATION ANALYSIS

Based on the proposed stability criterion, this section will
further propose an instability participation analysis method for
dc microgrid when it operates unstably.

A. Matrix Decomposition of T, (s)

Assume that the eigenvalues of the immittance matrix T, ()
are A1(8), -+, Aa(s), -+, and A x(s), respectively. Then, there
is

det [T, (s)] = A1(8) - - Aa(s) -

)»X (S) (9)
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Since T, (s) always has no RHP poles, there also must be
no RHP poles in each of its eigenvalues. Since the system
stability depends on the absence of RHP zeros in det[T,,(s)],
the presence of RHP poles in any eigenvalue of det[T',,,(s)] can
also indicate the instability of dc microgrid.

According to the matrix decomposition theory, there is

T(s) = P(s)A(s)T(s) (10)

where ® (s) is the right eigenvector matrix of T',,, (s), A(s)isthe
diagonal matrix of eigenvalues, and W(s) is the left eigenvector
matrix, with their specific forms given as

(I)(S) = [(pl(s)f" 790a(8)ﬂ"' 790X(s)] arn)
A(s) =diag[A1(8), -, 2a(8), -+, Ax(8)] (12)
U(s) = [T (s) L (s) - k(s)]  (3)

where o, (s) and ¥~ (s) are the right and left column eigenvec-
tors of A (s), respectively, detailed as

(14)
15)

‘Pa(s) = [‘151704(5)7 o 7‘700&,04(5)7 T 790X-,04(3)]T
Pa(s) = [%,1(8)7 T »wa,a(s)v te vwa,X(s)] :

From (10)—(15), the following equations can be obtained,
where E is the identity matrix

(s)W(s) = E and ¢, (), (s) = (16)
T (s)pals) = rals)pals) (17)
Yo (8)Tm(s) = ra(s)Pals) (18)
Aa(8) = Yo (5)Tm(s)Pals)- (19)
B. Instability Participation Analysis Based on T, (s)
Substituting (10) and (16) into (1), yields that
W () Dpus(s) = A H(s)®(s)h(s). (20)

According to [28], we can define (21) and (22) as the modal
bus node voltage and the modal input disturbance, respectively,

Vo(s) = (s)Bpus(s) 1)
H(s) = ®(s)h(s). (22)
Then, (20) can be further simplified to
Va(s) =AY (s)H(s) or
Vi (s) A7 (s) H,(s)
Vials) | = A5 (s) Ha.(s)
Vo x(s) )] LH(s)
(23)

From (23), it can be seen that each modal bus node voltage
is decoupled from the others. When the magnitude of A (s) is
minimum (i.e., close to zero), a smaller modal input disturbance
H,,(s) will lead to a significant modal bus node voltage V;,  (s).
Meanwhile, other modal bus node voltages will not be affected,
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as there is no coupling between them and fla(s) Thus, at the
oscillation frequency fosc, the eigenvalue ., (s) with the smallest
amplitude can be considered critical.

Inspired by [26], the participation factors pq ;(s) and pai(s)
are derived as (24) and (25), respectively, Here, . ;(s) is a
vector containing the elements of the jth row of Y ()

P '(S): 3)»a(5) (2)8[¢Q(S)Tm(s)gpa(5)]
. 0Z,,5(s) 0Z, i(5)

0P, (s) OT(s)
= me(s)<Pa(5) + ¢a(3)mﬂ%(5)

(T () g2

(17)and(18) [, (s)p,(s)]
= Ao (8) ——onral?)]

(s) 82, ,(s)

@)@ 000 () [ 0Z,(s)

aZO,j(S)Ynet(S)} Pa(s)

(6>a£d(7) wa,j (s)ynet,j (S)SO(), (8)
L Oha(s) (19) O (8)Ton(5) P (s)]
Pails) = Gp (s —

_ 0%, (s) (s)
- 8Kn7l(8) Tm(S)(pa(S) + dja(s) a}/in,l(s) (‘Oa(S)

T o(8)Tom(5) ;‘,fjf(?)

O [Yu(s)pa(s)]
)\‘a(S) ayin,l(s)
(3),(6),(7),and(16) Y in(s)

= ¢a(5)m¢a(5)

(24)

AT (5)

=+ ¢a(5)m¢a(3)

(17)a£d(18)

©)

= Yo,k 11(8) K 11,0(5)- (25)

Note that the divided participation factors are not completely
consistent with the existing frequency-domain participation fac-
tors, which is caused by the different stability criteria. p,_;(s)
and p;(s) represent the sensitivity of 1,(s) to Z, ;(s) and
Yin,1(s) in Ty, (s), respectively. Therefore, the participation and
sensitivity level of GVS; and GCS; to A (s) can be reflected
by the magnitude of p,_ ;(s) and pqi(s), respectively. In other
words, the larger |pq ;(s)| and |pa,(s)| are, the more relevant
GVS; and GCS; are to A, (s), respectively. In summary, the
converter corresponding to the largest participation factor can
be identified as the critical instability source.

IV. CASE STUDIES AND EXPERIMENTS

To fully validate the correctness and effectiveness of the pro-
posed methods, a 750 V 30 kW dc microgrid and its simulation
are constructed in MATLAB/Simulink, and a 24 V 180 W dc
microgrid and its prototype are established in the lab.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

TABLE I
MAIN PARAMETERS OF THE FIRST CASE SYSTEM

Symbol Value Symbol Value Symbol  Value
uape(RMS) 220V Ly, 100 uH Rs 5Q
Ly 10 mH Rin, 0.1Q io3 S0A
Rf 0.5Q Ln,Z 100,UH kp)} 0.3
Cac 100 uF Riny 0.1Q ki3 300
ki 2000 Vde 200 V Lga 100 uH
ki 50 L, 1 mH Risa 0.1Q
kii 200 R, 0.1Q Cra 100 uF
L/;l 300,[1H Cz SOO/JF RCf,4 01 Q
Rz 025Q Reo 0.1Q Ly 500 uH
Cr 100 uF P02 4A R4 0.1Q
Reyi 0.1Q k2 0.02 Cy 30 uF
L 500 uH kip 300 Rca 0.1Q
R 0.1Q Ly 100 uH R4 10Q
C 100 uF Ris3 0.1Q Vo 200 V
Re, 0.1Q Cr3 100 uF kpa 0.5
R 11Q L, 500 uH kia 400
Vol 375V Ris 0.1Q R 1500 Q
kip1 0.2 Cs 100 uF L3 200 uH
ki1 300 Res 0.1 Q Rins 0.15Q

A. Case Study of A 750 V 30 kW DC Microgrid

Fig. 3 shows the structure and topology of the 750 V 30 kW dc
microgrid, which is composed of five converters and a resistive
load. The main parameters of the system are listed in Table I,
where the expressions of all controllers are G, (s) = kyp, +
km/s, Gz(s) = [kip + k“/s, 0; 0, kip + k’u/S], val(s) =
kpi+Fkii/s,Gia(s)=kpo+kia/s,Gis(s)=kps + kis/s,
and G, 4(s) = kpa + kia/s. To assess the system stability
under different operating conditions, two cases with different
proportional coefficients of voltage outer loop in #1 converter
are set: case I: k,;, = 30 and case II: k,,,, = 60.

1) Stability Analysis: According to (5)—(7) and Fig. 3, there
are

Yin(s) = diag[1, —Ya(s), —Y3(s) = Ya(s) = 1/R, —Y5(s)]

(26)
Zo(s) = diag [Z1(8)7 -1, —1, —1] 27)
Ynel(s) =
1/1,2(3) —YLQ(S) 0 0
—Y12(s) Yi2(s) + Ya3(s) —Y2,3(s) 0
0 7}/2’3(8) }6’3(5) + Y3_y4($) 7Y374(8)
0 0 ~Y3,4(s) Ys.4(s)
(28)

By substituting (26)—(28) into (3), the pole-zero plots of the
determinant det[T,,, (s)] in two cases can be drawn, as shown in
Fig. 4. It can be seen that there are no RHP zeros in det[T",,,(s)]
when the system operates in case I, while in case II, there is
a pair of RHP zeros at 1330 Hz. Therefore, it can be inferred
that the dc microgrid is stable in case I but unstable in case II
with the oscillation frequency being approximately 1330 Hz.
In fact, this stability conclusion can also be drawn from the
Bode plots of det[T",(s)]. As depicted in Fig. 5, in case I, there
is Ny—N_ = 2-2 = 0, indicating that the net number of times
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Fig. 4.  Pole-zero plots of det[T, (s)] in two cases. (a) case . (b) case IL. Fig. 6. Participation analysis of case II.
%0 predicted as 1330 Hz, where the magnitude of det[T,,(s)] is
2 ol locally minimum and the phase then rapidly drops by 180°.
3 2) Instability Participation Analysis: According to the above
go 40¢ det[Tn(s)] in Case I analysis, four eigenvalues of Tm(s) at 1065 Hz are fur-
S 20t det[T,(s)] in Case 11 ther calculated as A = -1.1616 + 53.4200, Ao = 0:0047 +
0 n . 1330 Hz 70.0865, L3 = —1.8864—54.6140, and 14 = —1.3277—51.4895.
360 Clearly, Ao has the smallest magnitude, thus it is the critical
180 eigenvalue of case II. Then, the participation factors of Ao, thatis,
;\% 0 D21, P2,2, P2.3,and ps 4, can be calculated and their magnitudes
= 180 are plotted in Fig. 6. It is observed that around the predicted
oscillation frequency, the participation factor of dc bus node n; is
360, 10 T 0 5%10° signiﬁcantily high'er thap .the othe'rs', inc'licat.ing that #1 converter
Frequency/Hz has the highest instability participation in case II. In other
words, the system stability in case II is mainly sensitive to #1
Fig. 5. Bode plots of det[T',, (s)] in two cases.

that the phase trajectory of det[T,,(s)] crosses the =180° line
is 0. In case II, there is N, —N_ = 2-1 = 1, indicating that the
Nyquist contour of det[T,,(s)] clockwise encircles the origin
twice. Meanwhile, the instability frequency of case II can be

converter.

3) Simulation Validations: Asshownin Fig. 7(a), all voltage
and current waveforms are stable, indicating that the entire
system operates stably in case I. However, when the system
operates in case II, as shown in Fig. 7(b), there is a significant
ac component in the voltage of each dc bus node, thus, the dc
microgrid is unstable in this case. Fig. 8 shows the dynamic
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Fig. 7. Simulation waveforms in two cases. (a) case L. (b) case II.

Simulation waveforms from case I to case II. Performing a
fast Fourier transform (FFT) on vy of case II, the results are
displayed in Fig. 9. It can be seen that the actual oscillation
frequency is 1305 Hz, which is essentially consistent with the
predicted instability frequency mentioned above.

Compared with the two cases, it can be found that when
the proportional coefficient £, of the voltage outer loop of
# 1 converter decreases by 50%, the system transitions from
an unstable to a stable state. From Fig. 6, the amplitude of
the participation factor of node ny is significantly smaller than
that of node n;. Therefore, if the proportional coefficient of the
voltage loop of # 2 converter, that is, £, 1, also changes by 50%,
the system is still in an unstable state with the smaller oscillation
amplitude change, as shown in Fig. 10. Therefore, #1 converter is
confirmed to be the critical instability source of the dc microgrid
in case II.

In summary, the simulation results validate the correctness
of the proposed stability criterion and instability participation
analysis methods.
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Fig. 10.  Voltage waveforms of four dc bus nodes. (a) When k,, 1 is reduced
by 50%. (b) When k,, 1 increases by 50%.

B. Case Study of A 24 V 180 W DC Microgrid

The topology and experimental prototype of the 24 V
180 W dc microgrid are given in Fig. 11, where both #1 and
#2 converters adopt the voltage droop control mode, while #3
and #4 converters provide the stable voltages v, 3 and v, 4 to
load resistors 3 and Ry, respectively. The main parameters
of the system are given in Table II, where G ,($) = kyp o +
kyio/s(x =1, 2,3, 4) is the controller of #x converter. The
switching frequency of each converter is 40 kHz. There are also
two system cases: case III: R4 =3 Q and case IV: Ry = 1.5 Q.
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Fig. 11. 24 V 180 W dc Microgrid. (a) System topology. (b) Prototype.
TABLE II
MAIN PARAMETERS OF THE SECOND CASE SYSTEM
Symbol Value Symbol Value Symbol Value
Vde,15 Vde,2 48V LILZ IOOﬂH Ln73 ZOOIUH
Ly, L, 1 mH Rinp 0.05Q Rins 0.05Q
R[ﬂ], RL,Z 012 Q Cf’3 100,&F C/,4 200,uF
Cl, Cz 90/.[F Rcﬂ3 0.1Q Rcfy4 0.1Q
RC,I, RC,Z 0.1Q L3 200luH L4 SOOIUH
Hgy, Hi 0.05/24 R.3 0.05Q Ria 0.1Q
kyp.i 0.13 Cs 39 uF Cy 90 uF
kit kvin 100 Res 0.1Q Rea 0.1Q
Vbus,1> Vbus,2 24V kvpg 0.65 kvpvz‘ 09
Ln,l 100 ,uH kvi,3 100 kv;y4 200
Rin) 0.05Q Vo3 15V Vo 12V
kypa 0.1 R; 3Q

1) Stability Analysis: Assume that all line admittances
can be expressed as Y7 2(s) =1/(Lp 18+ Rina), Y1,3(s) =
1/(Ln728 + RLn,2)7 and Y2,4(S) = 1/(Ln738 + RLn,3)~ Based
on (5)—(7) and Fig. 11(a), there are

Yin(s) = diag[1, 1, —Ya(s), —Ya(s)] 29)
Z,(s) = diag[Z1(s), Za(s), —1, —1] (30)
Ynet(s) =
YLQ(S) + Yl,g(s) —YLQ(S) —Yl’g(s) 0
—YLQ(S) YLQ(S) + Y2}4(8) 0 —YQA(S)
—Y1,3(s) 0 Y1 ,3(s) 0
O —}/274(8) O Y274(8)
(€29

By substituting (29)—(31) into (3), the pole-zero plots of the
determinant det[T",,, (s)] in two cases can be drawn, as displayed
in Fig. 12. When the system operates in case III, det[T',,,(s)] has
no RHP zeros, whereas in case 1V, det[T",,(s)] contains a pair
of RHP zeros at 332 Hz. According to the proposed stability
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Fig. 13.  Bode plots of det[T',, (s)] in two cases.

analysis method, it can be inferred that the system is stable in
case III, but unstable in case IV with the oscillation frequency
being approximately 332 Hz.

Fig. 13 shows the Bode plots of det[T,(s)]. It can be
found that in case III, there is N;—N_ = 1-1 = 0, while in
case IV, there is N;—N_ = 2-1 = 1. According to the analysis
in Section II-B, the Nyquist contour of det[T,,(s)] does not
encircle the origin in case III, but it encircles the origin clockwise
twice in case IV. Therefore, the conclusion of system stability
is consistent with the analysis results based on pole-zero plots
mentioned above.

2) Instability Participation Analysis: In Case 1V, four eigen-
values of T',,,(s) at 332 Hz are calculated as A; = 31.6451 +
78.5963, Lo = 8.5433 4 j4.7661, A3 = 0.0091-50.0029, and
Ag = —0.2788 + j2.0754. Therefore, A3 is the critical eigen-
value because its amplitude is clearly the smallest. Sub-
sequently, the participation factors associated with As, i.e.,
D3,1, P3,2, P3,3, and p3 4, are calculated, and their magnitudes
are plotted in Fig. 14. It is observed that around the predicted
oscillation frequency, the participation factor of the dc bus node
ny4 is more significant than the others, indicating that #4 converter
has the highest instability participation in case IV. Note that
unlike Section IV-A, the participation level of #3 converter
cannot be ignored as its magnitude is significantly greater than
those of # 1 and #2 converters. Therefore, the system stability
in case IV is primarily sensitive to #4 converter, with secondary
sensitivity to #3 converter.
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3) Experiment Validations: Experimental results for the sys-
tem in cases III and IV are presented in Figs. 15 and 16, respec-
tively. Fig. 17 shows the dynamic experimental waveforms from
case III to case I'V. It can be seen that in case 111, all voltage and
current waveforms are stable, and the ratio of the output currents
of #1 and #2 converters is in accordance with the coefficient
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ratio of droop control, indicating that the entire system operates
stably. In contrast, in case IV, the system is obviously unstable,
with each node voltage containing significant ac components.
FFT analysis of vpys,; and vy, 3 reveals an oscillation frequency
of approximately 326 Hz, which is also basically consistent with
the aforementioned analysis results. Therefore, the experimental
results of the two cases demonstrate the correctness of the
proposed stability criterion.

To further validate the aforementioned conclusions on sys-
tem instability participation analysis, based on the parameters
in case IV, the voltage-loop proportional coefficients of four
converters, i.e., kyp 1, Kup,2, Kup,3, and kyp 4, are reduced by
23%. In other words, these proportional coefficients are reduced
to 0.1, 0.077, 0.5, and 0.69, respectively. The steady-state and
dynamic experimental waveforms are shown in Figs. 18 and 19,
respectively. Compared with Fig. 16, it can be found that: the
system remains unstable when k., 1 and k., 2 decrease, and
the change in oscillation amplitude is almost indistinguishable;
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when k,,, 3 decreases, the system is still unstable, but the oscilla-
tion amplitude is significantly reduced; and after k,,, 4 is reduced
by 23%, the system becomes stable. Therefore, #4 converter
is the critical instability source in case IV, and #3 converter
also has a certain influence on the system stability, which is
consistent with the aforementioned conclusion. In summary, the
experiment results verify the proposed instability participation
analysis method.

V. DISCUSSION

A. Comparison Between Several Existing Stability Analysis
Methods and the Proposed Stability Criterion

Several classical or similar stability analysis methods and the
proposed stability criterion are compared as follows.

1) Comparison with Traditional Impedance Ratio Criterion:
The traditional impedance ratio criterion originated from the
Middlebrook criterion [11]. The Middlebrook criterion is just
a sufficient condition for system stability, which is simple but
conservative [10]. Subsequently, Zhang et al. [12] and Wang
et al. [27] extended this criterion to the multiconverter parallel
systems. By allocating all GVSs and all GCSs to two different
subsystems, the impedance ratio is defined as the ratio of the
equivalent impedances of two subsystems. However, for the dc
microgrid shown in Fig. 1, we cannot find a specific node that can
allocates all GVSs to one subsystem and all GCSs to the other
one. In other words, the traditional impedance ratio criterion
cannot be directly used in this article.

2) Comparison with Extended Impedance Ratio Criterion:
Recently, several studies have indicated and demonstrated that
the traditional impedance ratio criterion can be extended and
applicable to the arbitrary divided subsystems [17], [29], [30],
[31]. However, the extended impedance ratio may contain some
RHP poles [17], [29], [31]. For example, if the 24 V 180 W
dc microgrid is divided into two subsystems at node ng. The
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(a) Nyquist contour. (b) Zero-pole plots.

Nyquist contour and zero-pole plots of impedance ratio in case
IV are given in Fig. 20. It can be seen that although the Nyquist
contour of impedance ratio dose not encircle the point (-1, jO),
the dc microgrid is unstable due to the impedance ratio having
two RHP poles.

By contrast, the proposed stability criterion does not contain
any RHP pole, which is explicitly proven, thus, it requires fewer
analysis steps. Meanwhile, the proposed stability criterion only
needs to analyze phase, which is simpler and straightforward.

3) Comparison with Other Stability Analysis Methods: In
Section I, several stability analysis methods for the dc systems
with line network are discussed. Compared with these meth-
ods, the proposed stability criterion is not limited to a specific
number of nodes, bypassing the RHP pole issue, with simplified
impedance aggregation calculation and enhanced applicability
to dc microgrids with unknown parameters.

To sum up, the proposed stability criterion has several obvious
advantages compared to the existing methods.

B. Influence of Line Impedance

In this article, the line impedance affects the system modeling,
stability analysis and results of dc microgrids, and the detailed
reasons are as follows.

1) Impact on System Modeling and Stability Analysis: For
the dc microgrid without considering the line impedance, the
small-signal voltage equation is represented as a multi-input
single-output transfer function model, and the impedance ratio
used for stability analysis is a scalar transfer function [17]. How-
ever, for the dc microgrid with line impedance, the node voltage
vector, i.e., (1) is a multi-input multioutput transfer function
matrix model, and T',,,(s) is a transfer function matrix. In the
aforementioned analysis, the scalar determinant adj[T,,(s)] is
adopted to assess system stability. Therefore, the line impedance
leads to completely different system modeling and stability
analysis methods.

2) Impact on System Stability: The line impedance will also
affect the system stability results, which has been analyzed and
validated in [9]. In this article, we remove all line impedances
of the 24 V 180 W dc microgrid. The stability analysis and
experimental results of cases III and IV are shown in Figs. 21
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and 22, respectively. It can be seen that the line impedance signif-

icantly affects the system stability
and oscillation amplitude.

results, instability frequency

VI. CONCLUSION

In order to effectively assess the small-signal stability of dc
microgrid, this article proposes a system-level stability criterion
based on the determinant of the constructed immittance matrix.
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On this basis, an instability participation analysis method is
further presented to identify the critical converters that lead
to the system instability. Finally, case studies, simulations and
experiments validate the correctness of the proposed approaches
and theoretical analysis. The main conclusions are as follows.

1)

2)

3)

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

Since the constructed immittance matrix contains no RHP
poles when all converters are individually stable, the sta-
bility of dc microgrid can be evaluated solely by the phase
of the determinant of the immittance matrix. Specifically,
if the net number of times that the phase trajectory crosses
the £180° line is zero, the system is stable, otherwise it is
unstable.

The proposed frequency-domain instability participation
analysis approach is based on the eigenvalues of the immit-
tance matrix, which is completely different from existing
methods based on the return-ratio matrix. At the system
instability frequency, the smallest eigenvalue is identified
as critical, and the participation factors are defined by
the sensitivity of the critical eigenvalue to the equivalent
immittance at each bus node.

There may be more than one converter significantly im-
pacting system stability. When the parameters of the same
type are changed in equal proportion, a larger participation
factor indicates a greater influence on system stability.
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