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Abstract—The three-stage generator (TSG), as one of the most
used more-electric aircraft generators, is crucial for the stable
operation of aircraft power supply systems. The presence of nu-
merous converters in cascade with the generator leads to complex
physical and control dynamic interactions, which affect the stability
of the ac bus voltage. To address the stability issue, two major
contributions are made in this article. First, a dual-port modular
impedance/admittance modeling method suitable for cascaded sys-
tem with TSG and pulse width modulation (PWM) rectifier (TSG-
PWM) is presented. In this method, a dual-port network is formed
by Thevenin’s theorem and Norton’s theorem to analyze the mod-
ules’ stability directly. Due to the advantages of modular modeling,
this method also offers generality and scalability. Subsequently,
a self-defined stability margin criterion based on the Gershgorin
circle theorem is proposed. This criterion can determine the ac bus
voltage stability state of the actual system accurately. Compared to
the generalized Nyquist stability criterion, it permits the definition
of stability margins based on system requirements prior to the
system design. In addition, the proposed criterion enables the
determination of parameter thresholds at the stability boundary
with minimal computational effort. Finally, the proposed stability
criterion is validated through a hardware-in-the-loop platform
using the derived dual-port network model of the cascaded system.
Theoretical and experimental results agree well.

Index Terms—Modular modeling, more-electric aircraft (MEA),
PWM rectifier, stability criterion, three-stage generator (TSG).
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1. INTRODUCTION

S THE demand for electrical power from airborne equip-

ment continues to grow, more-electric aircraft (MEA)
power systems typically require converters to supply electricity
with controllable voltage or frequency [1], [2].

However, the constant power and nonlinear characteristics
of these converters can lead to instability in the overall power
system [3]. Furthermore, the interaction between converters and
generators exacerbates stability issues concerning the ac bus
output voltage within MEA power systems [4]. Fig. 1 provides
a simplified diagram of the power system in an MEA. As
illustrated in Fig. 1, various types of converters are connected
to the ac bus, interacting with the generator and influencing the
voltage stability at the ac bus port. Unlike large-scale power
grids, aircraft power systems have more stringent requirements
for power quality, as specified by military standards such as the
Chinese GJB181-86 “Characteristics and Requirements of Air-
craft Power Supply and Electrical Equipment” [5] and the U.S.
MIL-STD-704 “Aircraft Electrical Power Characteristics” [6].
These standards impose stricter requirements on voltage drops
and harmonics within the power system. Therefore, investigating
the interactions between converters and generators is crucial for
ensuring the stable operation of aircraft.

Given that the three-stage generator (TSG) is one of the most
widely used generators in modern MEA, such as the Boeing
B787 and Airbus A380 [2], [7], this paper investigates the ac
bus voltage stability of variable frequency ac (VFac) in MEA,
with a particular focus on the cascaded system between the TSG
and pulse width modulation (PWM) rectifier (TSG-PWM).

Currently, there are two major methods for stability analysis:
eigenvalue analysis [8] and impedance-based analysis [9]. The
eigenvalue analysis method relies on an accurate state-space
model. However, for complex MEA power systems, this ap-
proach can lead to the “curse of dimensionality” in the state
matrix. Moreover, the eigenvalue analysis method is dependent
on the internal structure of the system, which limits its scalabil-
ity. The impedance modeling method is based on the external
characteristic parameters of the system, making it both scalable
and versatile. When using impedance-based models to evaluate
the stability of interacting systems, any cascaded or parallel
system can be considered as two independent subsystems: the
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Fig. 1.  Simplified diagram of the power supply system in MEA.

source and the load [10], [11], [12]. Therefore, taking these
factors into account, this article adopts an impedance-based
analysis method to assess the ac bus voltage stability of the
MEA-VFac. Currently, impedance modeling methods have been
widely applied in various fields, including dc microgrids [13],
high-voltage dc systems [14], [15], [16], grid-connected invert-
ers [17], [18], and aircraft power systems [19], [20], [21].

In the field of MEA, there have also been some achievements
in impedance modeling. Peng et al. [10] provide a compre-
hensive analysis of the impedance characteristics of an aircraft
ground power supply system composed of electronic ground
power units and active front-end converters, and presents a
stability assessment procedure. Lin et al. [15] provide a detailed
model and impedance specifications for a multisource, multiload
dc distribution system in the context of MEA applications. The
impedance models of a permanent magnet synchronous motor
used as a source and a dual active bridge inverter used as a load
in MEA have been investigated in [22]. Moreover, these models
are used for the stability analysis of a simple dc power system.
In [23], the TSG in MEA was modeled using the impedance
modeling method. Wang et al. [24] establish a unified impedance
model for multipulse rectifier units and analyze the stability
of MPRUs connected to motor drive systems. In [25], four
active damping methods are proposed, focusing on reshaping
the source-side impedance of PWM rectifiers in MEA to meet
stability standards.

However, there is currently a lack of accurate impedance
modeling for the cascaded system composed of TSG and PWM
rectifiers. Moreover, the absence of an accurate impedance
model hinders the stability analysis of the ac bus voltage in
MEA-VFac cascaded systems. To investigate the stability char-
acteristics of MEA cascaded systems, this article conducts a
detailed derivation of the impedance model for the power supply
system consisting of a TSG and a PWM rectifier, and proposes
a novel stability criterion for accurately assessing the stability
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state of the ac bus voltage. The technical contributions of this
work can be summarized as follows.

1) A modular modeling method suitable for stability analysis
of MEA-VFac cascaded systems is proposed. Employing
the two-port network approach, the TSG-PWM is mod-
eled step-by-step based on its physical architecture. The
advantage of modular modeling lies in its generality and
scalability.

2) A self-defined stability margin criterion based on the
Gershgorin circle theorem is introduced. Compared to
the generalized Nyquist stability criterion (GNSC), this
approach allows for the customization of stability margin
values according to system requirements prior to system
design and enables the direct determination of stability
boundary values for relevant parameters.

3) A hardware-in-the-loop (HIL) platform is established for
the verification of the proposed modeling method and
stability criterion. Various experimental case studies are
provided to detail the accuracy of the novel criterion
in assessing the stability of the ac bus voltage in VFac
cascaded systems.

The rest of this article is organized as follows. Section II
presents a detailed architectural diagram of the studied sys-
tem and introduces a modular impedance/admittance modeling
framework for the TSG-PWM system. Section III utilizes the
modular modeling method to perform detailed impedance mod-
eling of the TSG and PWM rectifier separately, providing the
dual-port network models for both subsystems, and validates
these models on a HIL platform. Section IV first illustrates the
limitations of GNSC in determining the ac voltage stability of
the actual aircraft cascade system by cases, and then proposes a
self-defined stability margin criterion based on the Gershgorin
circle theorem. Finally, the accuracy of the proposed criterion
is demonstrated through a variety of experimental case studies
from HIL, and its advantages are highlighted by comparison with
the GNSC. Section V presents some discussions on the modular
modeling method and the new criterion. Finally, Section VI
concludes this article.

II. CASCADED SYSTEM DESCRIPTION AND DUAL-PORT
IMPEDANCE/ADMITTANCE MODEL

This section mainly introduces the cascaded system architec-
ture with a TSG as the source, a three-phase PWM rectifier as the
load, and a unified dual-port impedance/admittance modeling
framework.

A. Cascaded System Configuration

The structure diagram of the cascaded system TSG-PWM is
shown in Fig. 2. To investigate the stability of the ac bus side,
the system is divided into two separate subsystems at the ac
bus point, based on the “source-load” structure. The TSG is
coaxially driven by an aircraft engine and primarily consists of
a pre-exciter, a main exciter (ME), diode rectifiers, a dc chopper
and a main generator (MG). The engine drives the system rotor
to rotate, and the permanent magnet generator (PMG) stator
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Fig. 2.

Cascaded system diagram of TSG-PWM.

winding cuts the synchronous magnetic field to generate three-
phase induced electricity, which is rectified by the diode and
supplied to the ME stator winding for excitation.

The generator control unit affects the input of the ME stator
winding by controlling the chopper. z E represents the ME
excitation current. The three-phase 1nduced electricity generated
by the ME rotor winding cutting the exciter stator magnetic
field is rectified by the rotating rectifier and supplied to the
MG excitation winding to establish a synchronous magnetic
field. QI}AG represents the MG excitation current. The MG sta-
tor winding cuts the synchronous magnetic field to generate
abc three-phase electricity. This location is the ac bus of the
generator, followed by various converters. And it is used as
the ac input of the three-phase PWM rectifier. The rectifier
is a three-phase six-switch voltage-source rectifier utilizing an
SVPWM modulation strategy. The stability of the dc output
voltage is achieved through dual-loop control with an outer
voltage loop and an inner current loop.

B. Dual-Port Impedance/Admittance Model

From the perspective of physical ports, the source/load sub-
systems are connected via ac ports. Due to the requirement of
impedance modeling for small-signal linearization at a stable
operating point, the ac port is represented in the dg coordinate
system as both the output of the source side and the input of
the load side. The output impedance model of the TSG and
the input admittance model of the PWM rectifier can both
be modularly modeled using a dual port modeling method. A
schematic diagram of a dual-port network of a cascaded system
is shown in Fig. 3.
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Fig. 3. Schematic diagram of a dual-port network of a cascaded system.

The small-signal models of the TSG and the PWM rectifier
are correspondingly represented by two-dimensional matrices,
such as

ﬂgsc ZTSG ZTSG z’Z[SG
crsa| = | orsa  prsal |rrsa
tq Zqd Zqq g
Z'gW]W Ydlj'iWIW YdPWM ﬁé’W}VI
= ! )
spwMm| PWM PWM| | s\PWM
g Yoa Y Ug

where Z represents the output impedance of the TSG and
Y represents the input admittance of the PWM rectifier. g,
g, id, %q respectively represent the small signal values of the
output/input voltage and current in the dg coordinate system.

III. MODULAR IMPEDANCE/ADMITTANCE MODELING OF
CASCADED SYSTEM

In this section, a modular modeling method is used to model
the subsystems before and after the ac bus in the cascaded
system. The TSG is divided into three main parts, starting from
the physical ports: the synchronous generator, the diode rectifier,
and the dc chopper, it can be seen in Fig. 2. Each subsystem
is modeled sequentially through its physical structure, with
dual-port impedance/admittance models established for each
module.
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Fig. 4. Dual-port model. (a) Dual-port model of synchronous generator. (b) Dual-port model of diode rectifier. (c) Dual port model of DC chopper.

A. Modular Impedance Modeling of TSG

1) Dual-Port Model of Synchronous Generator: In the TSG,
both the MG and the ME are synchronous generators, with the
difference being that the ME does not have a damper winding.
Through the Laplace transform, Thevenin equivalent and Norton
equivalent theorem, the voltage expressions in the dg-axis and
the expression for the excitation current can be represented in
the following equation [26]:

vaqls) = |3 GOy = Zofo)iaats)
L G(s)[s 0] M

tq

where Z,(s) is the output impedance of the synchronous gen-
erator. Z' yo(s) represents the input impedance of the generator
excitation terminal when the stator is open circuit.

By combining (2) circuit principles, the dual-port model of the
synchronous generator can be obtained, as shown in Fig. 4(a).

2) Dual-Port Model of Diode Rectifier: As shown in Fig. 2,
the PMG connects to the diode rectifier to provide excitation
current and voltage for the ME. Simultaneously, the ME supplies
the excitation winding of the MG through the rotating rectifier
to establish a synchronous magnetic field. A small-signal model
of the diode rectifier is established as [23]

{

According to (3) and combined with the circuit principle, the
dual-port structure of the diode rectifier can be obtained as shown
in the Fig. 4(b).

3) Dual-Port Model of DC Chopper: Ascanbe seenin Fig. 2,
the chopper is a PWM switching network composed of switch Q
and freewheeling diode D. According to the average modeling
method [27], the average model of the chopper can be obtained

]

where d is the duty cycle.
Linearizing (9) for small-signal variations yields

{

Similarly, combining circuit principles, the dual-port
schematic of the dc chopper can be obtained as shown in
Fig. 4(c).
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4) Dual-Port Model of TSG: The dual-port models estab-
lished through modularization are connected sequentially ac-
cording to their physical structure to form a complete TSG
dual-port network diagram, as shown in the Fig. 5.

In the analysis of the integrated dual-port network model, it is
necessary to convert all variables from the stator and rotor sides
to the same side using the turns ratio. Therefore, N represents
the turns ratio between the stator and rotor.

Using the Thevenin equivalent theorem and circuit principles,
the outputimpedance Z X5 () of TSG and the transfer function
of the output voltage f)ﬁ/flc’ and duty cycle d can be obtained

Gi'q®)
~MG
_ ’qu _ GMG (S)GME’MG(S>GME (S)GIYIE(S)
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(6)
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- [ s }
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21507 (8) + Zge " (5) w
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f0_dq = %G | MG
tagq =0
21N (s)+Z}TE (5) WwMG
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dq0_f a0 | 1419 =0
where ¢ _ NMGKME
T ZE ()Y B (9)+
~ME
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_ 0 ldq =0
_ _Ge)25) | s
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where G%Cfiq( )represents the transfer function of voltage
 to voltage 04{C. Z}1 ¥ (s) represents the output impedance
of the ME after passing through the rectifier; I represents the
2 X 2 identity matrix.
Based on the open-loop model and adding a voltage con-
troller, the output impedance of the closed-loop controller can
be obtained as

T(s) = Ge(s)Ggig(s)quhRMsHv(s)

() Z35C(s)

2T (5)=(I+T ©

MG () MG

ORps (8) = Kag-rmsag ~ (5)
where K [ VMG MG
dq—RMS = |5y0  GuAT
a 2V 2Viuis

G.(s) represents the PI controller and H,(s) represents the
compensator. K gq_.rms is the coefficient that converts the peak
value of the dg-axis to root mean square (RMS) Value.Vé\AG,
VMG, and VMSare the steady-state quantities of the dg-axis
output voltage and the RMS value of the voltage.

B. Modular Impedance Modeling of PWM Rectifier

According to Kirchhoff’s law and coordinate transformation,
the average model of the PWM rectifier in the dg coordinate
system can be obtained [28]

4 fla) o] T g,

dt [(iLg)r, (Usq),
el v [fe] - wfi]
d(vae)r. 3

Coe—m—tLe = Z[dy dy] [(?ths]_wn. 9)

dt 5 <ZLq>TS

According to (9), at the steady-state operating point,
circuit equation of the three-phase PWM rectifier is

0 o Vsd . Dy v 0 (.JfLS
0| = [Vig| D] T |—wiLs 0

Irg Irg
— R,
. [ILq] [ILq]

the

> = O
L +
>3 @ Co T Ry Ve
5 D dq il.(lt/ Edzlql Ldgq —
O
Fig. 6. Dual-port model of PWM rectifier.
3 Vac
0= 5 (DdILd+DqILq) - R_ (10)
dc

In (10), all variables are values at the steady-state operating
point. Vi4 and V, represent the input voltages on the dg-axes,
Dgand D, are the duty cycles on the dg-axes. Irq and I, are
the inductance currents, and V. is the dc side output voltage.

Considering that the three-phase PWM is at unit power factor
rectification (I, = 0), it can be derived from (10) that

3Vea+4/9V2,—24R, V2 /Rdc
D, =

2V, OVae (11)
— _—4Vde .
Ira = 33,5,
D _ _WfLsILd
qa ‘/dc

Linearizing (9) around the steady-state operating point yields

2 _ R, _Dg 2
d |izd I, Y I, | |tLd
Rl — | —w R _Dq ~
dt tLg| = f L, L, 1Lq
04 3Da 3Da g
¢ 2C{clc 2C’dc ¢
_ Vae 1 -
L, (3/ d, I (1) 0 Dsq
_ Ydc 7
A IH - Py
3Ipa  3lLq q 0 0 —-4 io
QCdc QCdC Cdc

12)

Based on (12), the dual-port model of the PWM rectifier can
be obtained, as shown in Fig. 6.



8756

Applying the Laplace transform to (17) yields

'ZLd . dAd
iLq :(SI—A) B|:Cz:|
ﬁdc 4
’Dsd
+(sI —A)'C |0
io

Girdd GiLdg d,
= |Girqd GiLgq [ }
q

Gdc_d Gdc_q
[ Yia Yoo  Girdi,
+ | Yo Yoo Girgi,
|Gacva Gacvg  Zac_i,
_{}sd
X | Dsgq (13)
_’1:0
where
[ R D Ve
—; 0~ 7. 0
A= 0 % 0 |,B=|0 -3,
3D 31
2. 00 e 0
-1
i 0 0
C=|0 £ 0
[0 0 —&-

The input admittance Yfp‘an of the three-phase PWM

rectifier under open-loop can be obtained from the following
equation:

PWM __
Yoyen -

[Ydd qu} . (14)

qu qu

Based on this open-loop circuit, the voltage outer loop con-
troller G, and the current inner loop controller G, are added.
Ggvpwm 18 the transfer function of the modulated signal. H;r and
H s represent the current sampling coefficient and voltage sam-
pling coefficient respectively. Then the duty cycle expression of
the closed-loop system changes to

]

o _GiGsvamHif 0 _GinGsvamva
N 0 _GiGsvamHif 0
’E‘Ld
X |irg (15)
'[)dc

Substituting (15) into (13) yields the closed-loop input ad-
mittance of the three-phase PWM rectifier from the following
equation:

YEWM _ [Ydd Ydﬂ . (16)

qu qu
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C. Model Verification

Using the parameters listed in Table I, open-loop and closed-
loop models of the TSG and the PWM rectifier were constructed
and validated on the OPAL-RT real-time platform, while the
control system was implemented on a digital signal processor
(DSP) TMS320F2833 as shown in Fig. 7. Impedance measure-
ments were carried out by injecting voltage disturbances along
the dg-axes at the output port of the TSG and the input port of the
PWM rectifier. Fig. 8 shows the frequency-domain comparison
between the theoretical model and the experimental measure-
ments for the TSG. Fig. 9 provides a similar comparison for the
three-phase PWM rectifier, showing the theoretical models and
experimental measurements of the open-loop and closed-loop
input admittance.

In Fig. 8, it can be seen that the open-loop and closed-loop
models of the TSG, derived using the modular modeling method,
are in perfect agreement with the experimental measurements,
thereby validating the accuracy of the TSG impedance model.
Fig. 9 illustrates the comparison between the theoretical mod-
els and the experimental measurements of the open-loop and
closed-loop input admittance for the three-phase PWM rectifier.
It is evident that within the frequency range of 1-1000 Hz, the
theoretical and experimental results are in complete agreement,
confirming the accuracy of the PWM rectifier’s admittance
modeling.

IV. STABILITY CRITERION AND EVALUATION OF CASCADED
SYSTEM

This section conducts an ac bus voltage stability analysis of
the cascaded system using subsystem models derived from a
modular modeling method. First, the limitations of applying the
GNSC to this system’s voltage stability analysis are examined.
Then, a self-defined stability margin criterion based on the Ger-
shgorin circle theorem is proposed, and experimental validation
is performed using this system.

A. Limitations Analysis of the GNSC

For the stability analysis of multiple-input multiple-output
(MIMO) systems, the most commonly used method is to cal-
culate the return ratio matrix L(s) and apply the GNSC to
determine [29]. As shown in Fig. 2, the expression for the return
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TABLE I
PARAMETERS OF THE CASCADED SYSTEM (TSG-PWM)

Parameter Value Parameter Value Parameter Value
Vs 115V Ve 2 Flux linkage 0.0059 Wb
MO 0.0364 Q Mo 0.0101Q e 0.0495Q
e 0.19290Q L 0.803mH Ly 0.2876mH
L 0.301 xH L,}MG 54.431 uH LY 63.482 uH
TSG
Liy© 53709 uH  NY© 0.0595 NME 11.4827
PME 0.1098 Q Mt 0.0917 Q " 2.6mH
Ly 0.6272mH L 0.1135mH Lt 0.214mH
Switching frequency 2kHz V" 5 Rated speed 7 12 000-24 000 (r/min)
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Fig. 8.

ratio matrix of this system is
L(s) (17)

GNSC theorem [[30]]: The system is considered stable if and
only if the net sum of anti-clockwise encirclements of the critical
point (—1, +j0) by the set of characteristic loci of L(s)is equal
to the total number of right-half plane poles of Y and Z. The
TSG and PWM rectifier studied in this article can operate stably
on their own before being cascaded. Therefore, both Z ZI‘ZG and
Y;WM do not contain right-half-plane poles. Therefore, the
system is stable when the set of characteristic loci of L(s) does
not encircle the point (—1, 4-50).

The GNSC provides both necessary and sufficient conditions
for determining the stability of MIMO systems. However, the
stability results obtained from GNSC can be overly too broad for
practical systems. In addition, due to the complexity of cascaded
systems, itis challenging to design system parameters by directly
adjusting the characteristic loci of L(s), and it is difficult to
define stability margins before the system design. The following
discussion will illustrate the limitations of the GNSC criterion in
determining the stability of the system under study by combining
theoretical analysis and experimental results.

_ ZTSG

PW M
out Y'in :

Comparison of derived model and experimental results. (a) Open-loop output impedance of TSG. (b) Closed-loop output impedance of TSG.

1) Case # 1: Substituting (8) and (16) into (17), the return
ratio matrix expression for the cascaded system can be obtained.
By substituting the data from Table Iinto L(s), the characteristic
loci A1 case1> and Ao _caee1 Of the ratio matrix shown in Fig. 10(a)
can be obtained.

From Fig. 10(a), it can be observed that the characteristic
loci Ag_case1 encircles the point (—1, +j0) counterclockwise.
According to the GNSC, this indicates that the cascaded system
is unstable in this case.

Using the parameters from Table I, Fig. 11(a) depicts the
waveform of the three-phase voltage at the ac bus when the
rotational speed n = 12 000 (r/min). It can be observed that
the results in Fig. 11(a) are consistent with those in Fig. 10(a).
Even though the parameters in Table I allow for stable operation
when the subsystems run independently, instability still occurs
when they are connected in series. The GNSC accurately identi-
fies the system’s instability, consistent with actual experimental
results.

2) Case # 2: Increasing the generator speed n and set n
= 14 000 (r/min). Keeping all other parameters in Table I
unchanged, calculate and plot the characteristic loci A1 _cyse2 and
Ao _case2 Of the ratio matrix.
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From Fig. 10(b), it can be observed that the Nyquist plot does
not encircle the point (—1, 4-j0), indicating that the system is
stable. In addition, the system’s phase margin is 7.1° and the
gain margin is 4.8 dB. By applying the parameters from this
example to the experiment, the ac bus port voltage waveform
shown in Fig. 11(b) can be obtained.

From Fig. 11(b), it can be observed that the voltage wave-
form shows some improvement compared to Fig. 10(b), but the
three-phase voltage is still unbalanced. According to aviation
standards, aircraft power systems are subject to stricter standards

regarding ac bus output voltage [5], [6]. The voltage output
waveform presented in Fig. 11(b) is insufficient to ensure a stable
ac input for downstream systems in the aircraft power system.
Therefore, the stability assessment results depicted in Fig. 10(b)
have certain biases and limitations for this study.

3) Case#3: Set Ly =4 mH and keep the other parameters in
Table I unchanged, and then plot the characteristic loci A1_cqses
and Ag_cqse3 of the ratio matrix.

From Fig. 10(c), it can be observed that the cascaded system
does not encircle the point (—1, 4-j0), indicating that the system
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is stable. In addition, the phase margin of the system is 6°, and the
gain margin is 4.5 dB. By applying these example parameters to
the experiment, the ac bus terminal voltage waveform as shown
in Fig. 11(c) can be obtained.

From Fig. 11(c), it can be observed that although the three-
phase voltage is a sine wave, it remains in an unbalanced state of
voltage. The conclusions drawn from Fig. 10(c) exhibit a certain
deviation when applied to actual systems.

From the above-mentioned cases, it is evident that the GNSC
is accurate for assessing the instability of aircraft cascaded
systems. However, using GNC to determine the range of voltage
stability for these systems is too broad. Results indicating low
stability margins still correspond to ac bus voltage unstable state
in real systems, making them less applicable. In addition, it
has certain limitations due to the inability to preset margins in
advance.

B. Self-Defined Stability Margin Criterion Based on the
Gershgorin Circle Theorem

The Gershgorin Circle Theorem [31]: Let A = [a;;] € C™*"
be a complex matrix. Let D(a;;, R;) C C be a closed disc
centered at a;; with radiusR; = ) |a,;|. Such a disc is called a

JF
Gershgorin disc. All eigenvalues A1, A2, ...A, of matrix A are
contained within the n Gershgorin disc in the complex plane,
represented as

n n

S(A) =Jhitlhi—aul <Ri= > layl

i=1 J=1.5#i

(18)

The Gershgorin Circle Theorem provides a method to de-
termine the distribution range of matrix eigenvalues on the
s-plane. Consider the return ratio matrix L(s) as a 2 X 2 matrix.
According to the Gershgorin Circle Theorem, the relationship
between the characteristic loci A1(s) and X2(s) of L(s) at any
given frequency and the four elements of L(s) can be illustrated
as shown in Fig. 12. This relationship can be expressed as

{126)~ Laao) < L 19
[A2(8) = Laq(s)| < [Lqa(s)|

Based on the GNSC, it can be concluded that if the Gershgorin
discs at all frequencies are within the unit circle, the system
is guaranteed to be stable. However, this criterion is overly
conservative. Even when the trajectories of the two Gershgorin
discs are in the states shown in Fig. 13(a) and (b), specifically not
enclosing or covering the point (—1, +j0), the system remains
stable.

Based on the above-mentioned analysis, this article proposes
a self-defined stability margin criterion based on the Gershgorin
circle theorem, as illustrated in Fig. 14. Introducing system sta-
bility margin parameters: gain margin g (0 < g < 1) and phase
margin p (0 < p < 90°) (different from the gain margin and
phase margin defined in classical control theory), the stability
margin can be self-defined before system parameter design. The
gray-shaded region denotes the voltage stability forbidden zone,
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where any system with the set of characteristic loci falling out-
side this forbidden zone is considered stable. In Fig. 14, the red
and blue regions represent the Gershgorin discs corresponding to
the characteristic loci A1 (s) and A2 (s) of L(s), while the darker
blue and darker red circles denote the Gershgorin discs located
on the stability boundary at a specific frequency f,.. Based on the
geometric relationship of dark discs on the stability boundary,
the stability conditions for the cascaded system under the new
criterion can be derived. Given the gain margin g, and phase
margin p,, the stability region of the system can be represented
as a dynamic area related to the stability margins, as illustrated
in (20) shown at the bottom of this page.

To facilitate the application of the new criterion, the precise
theorem of the new criterion is provided based on (20).

A self-defined stability margin criterion based on the Gersh-
gorin circle theorem: Given that the two-dimensional return ratio
matrix of the cascaded system is L(s) and it is a minimum-phase
system. Let the gain margin of the system be gain margin
g (0 < g <1) and phase margin p (0 < p < 90°). Define the
variables E(s) and F(s) as in (21) shown at the bottom of this
page.

When the return ratio matrix L(s) of the cascaded
system satisfies the condition {(E(s) > |Laq(s)|) A
(F(s) > |Lqa(s)])}at any frequency, the cascaded system
is stable.

C. Application of Stability Criterion

Based on (21), set g = 1 and p = 10°. This article presents two
cases to demonstrate the validity and rationality of the stability
criterion.
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not satisfied, thus indicating the system is unstable. This
conclusion aligns with the Nyquist criterion presented
in Fig. 10(a), and the experimental waveforms shown
in Fig. 11(a) further corroborate the system’s instability
under these conditions.

1) Case #1. Impact of Rotational Speed on System Stabil- 2) Increase the generator’s rotational speed n and set n =
ity: Case 1 is used to illustrate the correspondence between 14 000 (r/min). Keep the other parameters listed in Table I
the stability assessment results provided by the new criterion unchanged to obtain Fig. 16. Fig. 16 shows that within the
and the experimental results during the process of the TSG frequency range of 1-1000 Hz, E(s) > |Lqq(s)|. How-
speed n changing from low to high speed. Since the ac voltage ever, around the frequency of 87 Hz, F'(s) < |Lgq(s)].
frequency range produced by the VFac power supply system The condition F(s) > |L,q(s)| was not met at any fre-
is 400-800 Hz, and the number of pole pairs of the MG is quency required by the criteria, indicating the system is
pMO = 2. According to the relationship between speed and unstable at this case. Observe the experimental output
frequency n = 60 f /p, the range of the TSG speed n is 12000— waveforms of the ac bus when the rotational speed n =
24.000(r/min). By adjusting the generator speed in segments, the 14 000(r/min) [see Fig. 11(b)]. From Fig. 11(b), it can be
stability changes of the ac bus voltage at each stage are observed seen that although the three-phase voltages are sinusoidal,
to verify the applicability and accuracy of the new criterion under the peaks of the three phases fluctuate up and down,
different speed conditions. indicating significant instability, which is consistent with

1) Substitute the parameters from Table I into (21) and plot the conclusions drawn from the new criterion. Fig. 10(b)

the corresponding diagram. It can be observed from the presents the result obtained by the GNSC criterion under
Fig. 15 that within the frequency range of 1-1000 Hz, the same conditions. The result shows that the cascaded
E(s) > |Lqq(s)|. However, within the frequency range system remains stable and has a small stability margin
of 70-80 Hz, F(s) < |Lga(s)|. In this case, the stabil- under this parameter configuration. This conclusion is
ity condition (i.e., F'(s) > |Lqa(s)| at any frequency) is inconsistent with the waveform obtained in Fig. 11(b).
{Im (Laa(s))| cos po — (|Re (Laa(s))| — g2) sin p > Lag(s)| (0 <pe < 90> 0)

[Im (g (5))] c08 pa — ([Re (Laq ($)) |~ g2) sin ps > | Loa(s)] *\0 < g, < 1
{E(S) [T (Laa(s))| cosp — (|Re (Laa(s))| —g sinp <0 <g<1 > @1

F(s) = |Im (Lgq(s))|cosp — (|Re (Lyq(s))| — g)sinp 0<p<90°)”
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q

Therefore, compared with GNSC, the new criterion is
more accurate in determining the stability of the VFac
cascade system.

3) By varying the generator’s rotational speed n from
16000 to 24000 (r/min), a set of frequency response
characteristics as shown in Fig. 17 is obtained. When the
rotational speed n = 16 000 (r/min) and n = 18 000 (1r/min),
the ac bus voltage stability conditions
{(E(s) > |Laq(s)]) A (F(s) > |Lqa(s)|) tare met within
the frequency range of 1-1000 Hz. When the rotational
speed n = 22000 (r/min), E(s) < |Lg4e(s)| in the
frequency range of 1-30 Hz, and F'(s) < |Lqq(s)| near
120 Hz, thus failing to meet the stability conditions at
any frequency. Therefore, under the current parameter
configuration, the ac bus voltage is unstable. When the
rotational speed n = 24000 (r/min), E(s) < |Lqq(s)|in
the frequency range of 1-50 Hz, and F'(s) < |Lga(s)]
at approximately 132 Hz, thus failing to meet the
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Fig. 18.  Waveform of the three-phase voltage at the ac bus. (a) n = 16000

(r/min). (b) n = 18000 (r/min). (c) n = 22000 (r/min). (d) n = 24000 (r/min).

stability conditions at any frequency. Therefore, the
cascaded system is unstable under the current parameter
configuration.

To verify the accuracy of the new criterion for cascaded
systems at different rotational speeds, the above-mentioned
parameters were tested on the HIL platform. The experimental
results are presented in Fig. 18. From Fig. 18(a) and (b), it can be
seen that at rotational speeds n = 16 000 (r/min) and n = 18 000
(r/min), the ac bus voltage maintains stable three-phase output,
and the cascaded system is stable.

At a rotational speed of n = 22000 (r/min), as shown in
Fig. 18(c), although the ac bus output voltage is sinusoidal, the
peaks fluctuate up and down, indicating an unstable cascaded
system. At a rotational speed of n = 24000 (r/min), Fig. 18(d)
shows significant spikes in the ac voltage output, indicating an
unstable cascaded system. Therefore, the experimental results
are entirely consistent with the conclusions drawn from the novel
criterion, proving that self-defined stability margin criterion
based on the Gershgorin circle theorem proposed in this article
is applicable for stability assessment of MEA VFac cascaded
systems.

2) Case #2. The Impact of Ls on System Stability: Case 2 is
used to demonstrate the correspondence between the stability
assessment results provided by the new criterion and the experi-
mental results under different load conditions. According to the
closed-loop input admittance formula of a three-phase PWM
rectifier [see (16)], it is known that the input inductance pa-
rameter significantly affects the performance of the three-phase
PWM rectifier. Case 2 verifies the applicability and accuracy
of the new criterion under various load conditions by adjusting
the input inductance, thereby altering the stability of the ac bus
voltage at the load end of the cascaded system under different
conditions.

a) Set Ly = 4 mH while keeping the other parameters from
TableIunchanged, and plot Fig. 19. From the Fig. 19, itcan
be observed that within the frequency range of 1-1000 Hz,
E(s) > |Lqq(s)|.- However, in the frequency range of
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70-80 Hz, F'(s) < |Lgq(s)|. The condition F'(s) >
|Lqa(s)| was not met at any frequency required by the
criteria, indicating that the ac bus voltage is unstable at
this case. By applying the circuit parameter configuration
to the experimental platform, the ac bus output waveform
as shown in Fig. 11(c) can be obtained. From Fig. 11(c), it
is observed that although the ac bus voltage is sinusoidal,
the voltage peak fluctuates, indicating instability in the
cascaded system. The experimental results are consistent
with the conclusions drawn from the criterion. Fig. 10(c)
illustrates the assessment outcome for the cascaded sys-
tem derived from the GNSC under the same parameter
configuration, indicating that the system maintains stabil-
ity with these parameters. The evaluation is inconsistent
with the waveform obtained in Fig. 11(c). Therefore,
this discrepancy further substantiates that, in comparison
to the GNSC, the novel criterion offers a more precise
determination of stability for VFac cascaded systems.

b) Set Ly = 15 mH while keeping the other parameters from
Table I unchanged, and plot Fig. 20. From Fig. 20,
it can be observed that within the frequency range of
1-1000 Hz, E(s) > |Lg44(s)|. However, at around 75 Hz,
F(s) < |Lgqa(s)| thus the stability condition is not satis-
fied across all frequencies, leading to the instability of the
cascaded system.

c) Set Ly = 20 mH while keeping the other parameters in
Table I unchanged, and obtain Fig. 21. From Fig. 21, it can
be observed that within the frequency range of 1-1000 Hz,
the condition {(E(s) > |Laq(s)|) A (F(s) > |Lqa(s)|)}
is satisfied, indicating that the system is stable.
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d) By further increasing the value of L, and setting Ly =
25 mH, the results are presented in Fig. 22.

Based on the analysis of Fig. 22, it can be observed
that within the frequency range of 1-1000 Hz, the condition
{(E(s) > |Laq(s)|) A (F(s) > |Lqa(s)])} is still satisfied, in-
dicating that the system is stable.

To verify that the ac bus voltage output under the three
aforementioned parameter configurations is consistent with the
stability results obtained from the new criterion, L = 15 mH,
Ly =20 mH, and L; = 25 mH are respectively applied to the
experimental platform. The experimental results are illustrated
in Fig. 23.

As shown in Fig. 23(a), when the inductance Ly = 15 mH,
the ac bus voltage output is a three-phase sine wave; however,
the amplitude of the three-phase voltage waveform is unstable,
leading to instability in the cascaded system. The experimental
results are in agreement with the conclusions derived from the
new criterion. When the inductance Ly =20 mH and L, =
25 mH, the experimental waveforms as depicted in Fig. 23(b)
and (c) can be obtained. It is clear from these figures that
at Ly =20 mH and L, = 25 mH, the ac bus voltage outputs
are all three-phase symmetrical sine waves, and the cascaded
systems are in a stable state. The experimental results are
fully consistent with the conclusions obtained from the new
criterion.

In addition, observing the relationship between the stability
assessment results obtained from the new criterion and the ac
voltage derived from experiments, some regular conclusions can
be drawn. When the input inductance increases from Ly = 4 mH
to L, = 15 mH, the condition | L4(s)| — F(s)shown in Fig. 20
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Fig. 23.  Waveform of the three-phase voltage at the ac bus. (a) Ly = 15 mH. (b) Ly = 20 mH. (¢) Ls = 25 mH.

is less than |L,q(s)| — F'(s)that in Fig. 19. According to the
proposed criterion, although the cascaded system is unstable
at both Ly, = 4 mH and L; = 15 mH, the stability state of the
cascaded system presented in Fig. 20 is superior to thatin Fig. 19.
This conclusion can be verified by comparing the bus voltage
stability results displayed in Figs. 11(c) and 23(a). Therefore,
through the frequency response curves, not only can the stability
of the cascaded system be determined, but also the degree of
stability can be assessed based on the spacing between E(s) and
|Laq(s)| or F(s) and |L,q(s)|. As can be seen from Figs. 21
and 22, the cascaded system remains stable when L, = 20 mH
and L = 25 mH. The experimental results shown in Fig. 23(b)
and (c) also corroborate this point. Under conditions of main-
taining stability, the stable boundary parameters of the cascaded
system can be designed based on the spacing between E(s) and
|Laq(s)|or F(s) and | Lyq(s)]. Since the value E(s) — |Lg,(s)|in
Fig. 21 is less than that in Fig. 22, L, = 20 mH is the minimum
input inductance that satisfies the stability conditions of the
cascaded system.

Based on the two cases provided, it can be clearly demon-
strated that the self-defined stability margin criterion based on
the Gershgorin circle theorem proposed in this article, can accu-
rately determine the ac bus voltage stability status of cascaded
systems. Compared to the traditional GNSC, this approach per-
mits the customization of stability margins according to varying
stability requirements prior to system design. This narrows the
range of stability states, making them more pertinent to actual
system assessments. Furthermore, the criterion facilitates the
determination of stability boundaries for parameters through
simple interline distance analysis, thereby offering a theoreti-
cally straightforward and practical method for parameter design.
These advantages are not possessed by the traditional GNSC, as
has been thoroughly demonstrated through the aforementioned
experimental cases.

V. DISCUSSION

The modular impedance modeling method proposed in this
article for MEA-VFac cascaded systems is based on the princi-
ple of dg-axis linearization. The differences from existing ac
port impedance modeling methods include: consideration of
frequency variations; a more complex architecture requiring
multistage modeling; and the scalability of the model. Therefore,
the proposed modeling method is suitable for the analysis of

any cascaded system that includes a TSG. In addition, the self-
defined stability margin criterion based on the Gershgorin circle
theorem, as proposed in this article, differs from traditional ac
stability analysis methods (GNSC) in that it allows for the setting
of different stability margins according to system requirements
before system design, and the stable boundary values of a
specific parameter can be easily obtained from the frequency
domain characteristic curves. This method is not only applicable
to the voltage stability analysis of the ac bus in MEA but is also
suitable for the stability studies of other onboard microgrids.

VI. CONCLUSION

This article first presents a modular impedance modeling
method for TSG-PWM cascaded systems. A dual-port network
model is derived based on the physical architecture and Circuit
Principle. This method demonstrates good generalizability and
scalability, making it directly applicable to the stability analysis
in MEA power systems. In addition, through specific experi-
mental cases, the limitations of GNSC for determining the ac
bus voltage stability state of practical systems are illustrated.
Second, a self-defined stability margin criterion based on the
Gershgorin circle theorem is proposed. This criterion allows
for the pre-establishment of stability margin sizes according to
actual system requirements, providing more relevant stability
assessment for aircraft power systems. Furthermore, the method
offers a straightforward approach to determine the steady-state
boundary values (maximum or minimum) of certain parameters
under specific stability requirements, which is beneficial for sys-
tem design. Future research will focus on the stability analysis
of multibus and multiconverter systems.

APPENDIX
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where Ljg = Lj + Lyma, L'pa = L'ip + Lima, L'ya = L'15 +
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