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Small-Signal Impedance Modeling and Analysis of
Variable-Frequency AC Three-Stage Generator
for More Electric Aircraft

Shuang Wang
Zhiheng Lin

Abstract—With the penetration of power electronics in more
electric aircraft (MEA) power systems, the number of constant
power loads continues increasing and the characteristics of negative
resistance of their terminal impedances tend to impair the system
stability. The variable-frequency ac (VFAC) three-stage generator
(TSG) is the main power supply of the MEA VFAC power system,
and it is essential to establish its small-signal impedance model for
analyzing the system stability. In this article, an accurate small-
signal impedance model of the VFAC-TSG is established under the
synchronous d-q frame. On this basis, the terminal characteristics
of the VFAC-TSG in open-loop and closed-loop modes are analyzed
in detail. Furthermore, the impacts of the rotation speed and digital
control delay on the terminal characteristics are demonstrated.
Finally, the experimental results from a hardware-in-the-loop plat-
form are provided to verify the accuracy of the proposed impedance
model and the correctness of the theoretical analysis.

Index Terms—D-Q frame, more electric aircraft (MEA), small-
signal impedance model, three-stage generator (TSG), variable-
frequency ac (VFAC).

I. INTRODUCTION

N AIRCRAFT, the secondary energy sources, including
Ielectrical, hydraulic, and pneumatic energy, are generated
by the engine. In recent years, hydraulic and pneumatic energy
are gradually replaced with electrical energy to reduce gas
emissions, decrease costs, and improve reliability. Accordingly,
electrical energy becomes the majority of the secondary energy
sources, and the aircraft is called the more electric aircraft
(MEA) [1], [2].
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Fig. 1. Simplified MEA VFAC power system.

In the early days, the onboard electric loads are used for basic
functions such as lighting, heating, and flight controls, and the
low-voltage dc power system was adopted [3]. Later, more and
more electric loads (e.g., deicing and environmental control) are
introduced. In this scenario, a higher voltage level is required to
reduce the cabling weight and loss. However, higher voltage
systems present concerns related to safety and risk, especially
for the dc systems dependent on electromechanical commutation
[4]. Thus, the dc power system is gradually replaced by the ac
power system coupled with the constant speed drives (CSD) [5].
It is also termed the constant speed constant frequency power
system, which has ever been acommon choice for decades. How-
ever, the CSD is a complex hydromechanical gearbox with low
efficiency in delivering power from the engine to the generator
[6]. This stimulated the progress on feasible alternatives, and the
era of the variable-frequency ac (VFAC, 360-800 Hz) power
system without the heavy CSD was launched. At present, the
VFAC power system has been widely applied to the state-of-art
MEAs (e.g., Boeing 787 and Airbus A380) [7], [8], [9], [10].

Fig. 1 illustrates a typical MEA VFAC power system. The
three-stage generator (TSG), which is coupled to the engine
by a gearbox with a constant gear ratio, is the most popular
ac generator in MEA. This popularity is due to its inherent
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safety since the excitation can be instantaneously removed
through direct control of the field to de-energize the machine
[4], [11]. On the distribution and consumption side, there are
various power converters and motor drive loads, which behave
as constant power load (CPL) when tightly controlled [12].
The real part of the CPL impedance is negative, posing a risk
of system instability [13], [14], [15], [16]. Hence, it is highly
significant to analyze the stability of the MEA VFAC power
system.

Generally, there are two basic methods for analyzing sys-
tem stability, namely the time-domain analysis method and the
frequency-domain analysis method [17]. The former is based on
the state-space model and evaluates the system stability by list-
ing the state-space equations and then solving their eigenvalues.
However, the MEA power system contains a large number of
loads, which indicates that the orders of the system state-space
equations are high, leading to complex analysis and extensive
calculations [18], [19], [20], [21], [22]. In addition, the electrical
loads have different operating conditions during the flight of
aircraft, and the state-space models of the system should be es-
tablished under all the operating conditions. Therefore, although
this method is effective, it is unappealing for the stability analysis
of the MEA power system.

In contrast, the frequency-domain analysis method based on
the impedance model is more promising. By regarding each
device connected to the voltage bus as an independent sub-
system, the stability of the whole system can be predicted
by the impedances of each subsystem [23]. This method can
clearly tell how to reshape the impedance of each subsystem
to improve the system’s stability. Besides, adding/removing a
load or changing its operating mode only affects one impedance
element in the whole impedance network, whose effects on the
system stability can thus be easily assessed. Owing to these
merits, this method has been widely used in high-speed railway
systems [24], [25], grid-tied converters [26], [27], and MEA
power systems [28], [29], [30], [31]. Regarding the MEA, the
impedance-based stability analysis of the potential permanent
magnet synchronous generator-based dc microgrid for future
MEA is conducted in [28], [29], and [30], and the impedance
model of the alternative induction generator in the VFAC power
system is built to address its self-excitation issue in [31]. Yet,
so far, the systematic impedance model of the popular MEA
VFAC power system is still lacking in the existing literature.
Considering that the TSG is the main power supply of the VFAC
power system, its accurate impedance modeling and analysis are
of great significance.

To fill this gap, this article is dedicated to establishing the
small-signal impedance model of the VFAC-TSG and revealing
how the key parameters affect its terminal characteristics. The
outcomes of this work are concluded as follows.

1) The small-signal impedance model of the VFAC-TSG is

established under the synchronous d-g frame.

2) The terminal characteristics of the VFAC-TSG in the

open-loop and closed-loop modes are analyzed in detail.

3) The impacts of the rotation speed and digital control delay

on the terminal characteristics are demonstrated.
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Fig. 2. Structure of the VFAC-TSG.

This work is a foundation for future research on VFAC-TSG,
which can help evaluate the system stability and design the
controller parameters for gaining optimal performance. The
rest of this article is organized as follows. In Section II, the
operating principle of the VFAC-TSG is introduced. In Sec-
tion III, the small-signal models of the main generator, main
exciter, pre-exciter, rotating rectifier, and generator control unit
(GCU) are derived under the synchronous d-q frame, which are
then integrated into the small-signal impedance model of the
VFAC- TSG. In Section IV, the terminal characteristics of the
VFAC-TSG in open-loop and closed-loop modes are analyzed,
and the effects of the rotation speed and digital control delay are
demonstrated. In Section V, the experimental results from the
hardware-in-the-loop platform of the VFAC-TSG are provided
to verify the accuracy of the proposed impedance model and
the correctness of the theoretical analysis. Finally, Section VI
concludes this article.

II. OPERATING PRINCIPLE OF THE VFAC-TSG

Fig. 2 shows the structure of the VFAC-TSG, including the
pre-exciter, main exciter, main generator, and rotating rectifier,
GCU. The pre-exciter is a permanent magnet synchronous gen-
erator, whereas the main generator and the main exciter are
electrically excited synchronous generators.

The pre-exciter serves as the power supply for excitation,
whose armature winding is located on the stator and connected
to the three-phase rectification bridge to feed the chopper circuit
in the GCU. The chopper circuit regulates the field current to
the main exciter. The armature winding of the main exciter
is located on the rotor and provides the main generator’s field
current through the rotating rectifier. When the rotation speed
or load of the VFAC-TSG changes, the field current of the main
generator is regulated by adjusting the field current of the main
exciter. Thereby, the output voltage of the main generator is
regulated.
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III. SMALL-SIGNAL MODEL OF THE VFAC-TSG

In this section, the above-mentioned five parts of the VFAC-
TSG are modeled in sequence and then integrated to obtain the
small-signal model of the VFAC-TSG.

A. Modeling of Main Generator and Main Exciter

The small-signal modeling of the electrically excited syn-
chronous generators (i.e., the main generator and the main
exciter) is elaborated as follows.

Ignoring the impacts of the damper winding and converting
the physical quantities of the field winding to the ones of the
armature winding, the voltage equations under the synchronous
d-q frame can be expressed as [32]

) —wwq( ) + Z4a(t) + Raia(t)
Vg (t) = wipa(t) + Ly (t) + Raig(t)
ve(t) dt¢f( ) + Ryig(t)

where vy, i4, and 14 are the d-axis armature voltage, current,
and flux linking, respectively, and v, i,4, and 1, are the g-axis
ones. vy, if, and 1 are the field voltage, current, and flux
linking, respectively, R, is the armature resistance, Ry is the
field resistance, and w is the electrical angular frequency.

The flux linking equations can be expressed as

Ya(t) = L (3a(t) +ie(t)) +Liiq(t)
¢q(t) = Lmqiq(t) + Lliq(t)
¢f(t) = L (’id(t) + if(t)) + L]fif(t)

where, L,,q and L,,4 are the d- and g-axis mutual inductance,
respectively, L; is the armature inductance, and Ly is the field
leakage inductance.

Substituting (2) into (1) yields

vg(t

ey

2

va(t) = Raig(t) + Lg®e® 4 1, 30 100, (t)
vg(t) = Raig(t) + L, dz;t(t) + wWingis(t) + wLaig(t) (3)
ve(t) = Ryig(t) + Ly d”(t) + L, dld(t)

where Lg = L4 + L is the d-axis armature inductance, L, =
Lynq + Ly is the g-axis armature inductance, and Lt = Ly,q + Lit
is the field inductance.

Imposing small-signal perturbation to the variables vg, v, i4,
iy, vf, and i in (3) and manipulating gives

Vag(5) = Gudg—idg(s)idq(s) + Guag—ie(s)ir(s)  (4)
it(s) = Git-iaq(8)iaq(s) + Gir—vt(s)r(s) ©)
where vag = [vavgl", g = [ia ig]", and Guag-iag(s), Guag-i5(5),
Gt iqq(s), and G¢- ,¢(s) are expressed as
) - _Ra + SLd 7WL(I
Godg—idq(S)= | wLg Ra+ SLJ ©)
o [ SLmd
Goaq-if(8)= _wLmd:| @
Gif—idq(s): B Isfl-‘:zzf 0} ®
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Fig. 3. Small-signal model of the main generator and the main exciter.
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According to (4) and (5), the small-signal models of the main
generator and the main exciter can be obtained, as shown in
Fig. 3.

B. Modeling of the Rotating Rectifier

Define vq. ,y and igc ,, as the output voltage and output
current of the rotating rectifier, respectively, and v4_me, Vg_me>
id_me»> and ig_m are the armature voltages and currents of the
main exciter under the synchronous d-q frame, we have [33]

Vde_re(t) = 3\7r/§ (Va_me (t)Sind (t)+vy_me(t)cosd(t))  (10)
id me(t) = iﬁidcj(t)sin (6(t) + o) (11)
g me(t) = Zﬁidur(t)cos (O6(t) + ) (12)

where ¢ is the angle of the armature current behind the armature
voltage of the main exciter, and ¢ is the power angle of the main
exciter, expressed as

vd_me(t)
Vg_me(t)
Imposing small-signal perturbation to the variables vy e,

V¢ _me> idirnea iqﬁme, Vdec_rrs idcfrr» and 9 in (10)_(13), and ma-
nipulating, gives

0(t) = atan

13)

ﬁdcfrr(s) = K’u'i’dque(s) (14)

idq?me(s) = YO@dque(S) + K'Lidcfrr(s) (15)

where the transfer matrices K,,, K;, and Y are expressed as

K, = [ 3\Fsm5N SICOS(sN] (16)
T
K,; = [2 sin (On + ¢) 22 2305 ((5N+go)} (17)
Yo— 1 Iy mecosdn —qume'sinéN (18)
Vd2 me T Vq2_me —Id_meCOSCSN Id_meSIIl6N

with Vi me, V¢ me> 1d_me, and I . are the steady-state arma-
ture voltage and current of the main exciter on the d- or g-axis,
and dy is the steady-state power angle of the main exciter.

According to (14) and (15), the model of the rotating rectifier
can be derived, as shown in Fig. 4.
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Fig. 4.  Small-signal model of the rotating rectifier.
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C. Modeling of the GCU

Fig. 5 shows the control diagram of the GCU, where v g
and v, ¢ are the voltages of the main generator under the
synchronous d-g frame, and they are sampled with the sense gain
of H,. The root mean square (rms) value of the sensed voltages is
calculated as V,i,s_mg, Which is then compared with the voltage
reference v, The error is sent to the voltage regulator G,(s),
whose output serves as the modulated signal. Via a digital
pulsewidth modulator (PWM), the duty cycle d,, for the power
switch is generated. In the digital control process, the control
delay Gq(s) = e~ "7 is introduced, where T is the sampling
period [34]. Kpwnm = 1/Viyg is the transfer function from the
modulated wave to the duty cycle, where Vi,; is the amplitude
of the triangular carrier.

Recalling Fig. 2, the chopper circuit in the GCU is fed by
the pre-exciter through the three-phase rectification bridge. The
voltage equation of the pre-exciter is [29]

. di e
'Udfpe(t) = Rpeld,pe(t) + LPe djt(t)

. dig pe
’qupe(t) = Rpelqipe( ) + Lpe dpt( )
+Wpe (Lpeld_pe(t) + d’m)

— Wpe Lpeiq_pe(t)

19)
where vg_,e and vy p. are the d- and g-axis armature voltages,
respectively, i pe and iy . are the d- and g-axis armature
currents, respectively, R, is the armature resistance, and Ly, is
the armature inductance, wy, is the electrical angular frequency,
and ¢y, is the flux linking of the permanent magnet.

Considering that the armature current of the pre-exciter is
pretty small, i.e., ig pe =~ 0and i, o ~ 0, we could obtain vg_pe
~ 0 and vy pe = WpePm from (19). Thus, the output voltage of
the three-phase rectification bridge can be approximated as

~ \/qufpe(t) = \/gwpe(bm

where ¢, is constant, and wp,. is mainly determined by the
rotation speed of the VFAC-TSG.
The average output voltage of the chopper circuit is

Udc_rb (t) (20)

Vo_ce(t) = vac_r(t)dy (1) (21

Pe® [y 1,40

iy e () ceu [
y
Main exciter v (s)
ref Q;
+
()

Rotating rectifier

A ‘;ng ()

P Glug-idg_mg(S)

Main Generator

Fig. 6.  Small-signal model of the VFAC-TSG.

Imposing small-signal perturbation to the variables v, .. and
dy in (21), respectively, yields

@o_cc(s) - V;]c_rbdAy (5) (22)
where Vg 1, is the steady-state value of vqgc_p.
The rms value v;ms_mg can be expressed as
UfmS_mg(t) - \/(,Ug_mg( ) + Ug mg )) /2 (23)

Imposing small-signal perturbation to the variables viis_mg,
Vd_mg, and vy e in (23) gives

f/rms_mg(s) = Krms—dq_mg'i)dq_mg(s) (24)
where
— Vid_mg Vi mg
Krms-dq_mg= [2\/;.m,mg 2Vims_me (25)

with Vg g, Vg mg, and Vigg me being the steady-state values.
A PI regulator can be adopted as G,(s), expressed as

K.

Glu(s) = Kp+ — (26)

where K, and K; are the proportional and integral coefficients
of the PI regulator, respectively.

D. Impedance Model of the VFAC-TSG

Integrating the separate models of the above five parts yields
Fig. 6. Therein, the small-signal models of the main generator,
main exciter, and rotating rectifier are coupled. For better clarity,
Fig. 6 is further evolved into Fig. 7, where Gy-mc(s) and Gep(s)
are expressed as (27) and (28), shown at the bottom of the
next page, respectively. Therein, I represents the second-order
identity matrix, the subscripts “mg” and “me” represent the main
generator and the main exciter, respectively, and Ny, and Ny,e
are the ratio of the armature winding to the field winding in the
main generator and the main exciter, respectively.
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Fig. 7. Equivalent small-signal model of the VFAC-TSG.

Based on Fig. 7, the open-loop and closed-loop impedances
of the VFAC-TSG, denoted as Z, and Z., respectively, are
derived as follows. It is known that the small-signal model of the
impedance represents the voltage response when the current is
perturbed. The rotation speed is controlled independently of the
electric circuit circumstances and thus in most cases is assumed
to be constant in the modeling process [35], [36].

In the open-loop mode, d, is fixed, i.e., dy = 0. Accordingly,
Z, is derived as

Zo(8) = Gudg-it mg(8)Git—idg mg(8)Gep(s)

+ Gudg—idg_mg(8)- (29)
Substituting (6)—(8) into (29), yields
Zo_dd(8) Zo_aq(5)
Z = - -4
o(8) Zo_qa(8) Zo_qq(s) .
| Ramg + 5Lamg — Gopl8) ™= —wmg L me
- SW Lfm m
wmng_mg — GCP(S)M Ra_mg + SLq_mg
(30)
In the closed-loop mode, the impedance Z. is
Zo(s) = (I+T(s)) " Zo(s) 31)
where
T(S) = Gvdq—if_mg(S)Krms—dq_mg
2Vims_mg T
s_mg GCU(S) (32)

(Svd,mg + wmgv:zfmg) Lmdﬁmg

with T¢cu(s) being the control loop gain of the GCU, expressed
as follows: (33), as shown at the bottom of this page.
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Substituting (29) into (31), the expression of Z.(s) can be
derived, as shown in the following equation: where

+ Wmg Vg mg

8Vi_mg+wmg Vg_mg Tocu (s)

Gdd(s) = 1+ TGCU(S) (35)
sVy mgTocu(s)

G = _ q_mg 36

dq(s) (SVd_mg + wmqu_mg) (1 + TGCU(S)) (36)
Wing Vi mgToeu(s)

G = — g v a_mg 37

qa(s) (sVi_mg + Wmg Vg me) (1 + Tocu(s)) (37
sV mg

Glals) = Lt SV iomVam L0cU(s) 59

qq 1+ Tocu(s)

IV. TERMINAL CHARACTERISTICS OF THE VFAC-TSG

Based on the small-signal impedance model of the VFAC-
TSG, its terminal characteristics in the open-loop and closed-
loop modes are unfolded, and the impacts of the rotation speed
and digital control delay on the terminal characteristics are
further revealed in this section.

A. Open-Loop Terminal Characteristics

According to (30), Z,(s) is a 2 x2 matrix. Therein, Z 4, repre-
sents the voltage response in the d-axis when the d-axis current
is perturbed. Z,, represents the g-axis voltage response when
g-axis current is perturbed. Z;, and Z,4 represent the coupling
effect between the d- and g-axes. As observed from (30), Z, 44
and Z,_,, are dominated by the impedance of the main generator.
With the parameters in Appendix, and according to (30), the
frequency plots of Zo_44, Zo_qq>Zo_dq»and Z,_qq can be depicted,
as shown in Fig. 8, where the range of frequency is up to the
Nyquist frequency.

As can be observed from Fig. 8, Z, 44(s) and Z, ,4(s) are
dominated by R, ¢ in the low frequency range, featuring as a
resistance. As the frequency increases, the effects of sLg_,g and
sLy mg become dominant, and thus Z, g44(s) and Z,_g,(s) are
inductive. Besides, the amplitudes of Z, 4,(s) and Z, 44(s) are
larger than those of Z,_44(s) and Z,_,4,(s) in the most frequency
range, so the coupling effect between the d- and g-axes is
significant.

Grrfme(s) = ch(S)K'u (I - (Gvdq—iffme(s)Giffidque(3) + Gvdq—idq?me(s)) YO)71Gvdq—ifﬁme(S)Giffvffme<s) (27)
Gep(s) =
1_%(Gif—vf,mg(S)ngK'u(I_(Gvdq—if,me(S)Gif—idq,me(s)"l‘G'udq—idq,me(5))Y0)71(Gvdq—if,me(s)Gif—idq,me(3)+Gvdq—idq,me(3))KiNme)
(28)
TGCU(S) _ (SVd_mg + wmg‘/q_mg) Lmd_mgNmeGrr—me(S)Gd (S)‘/dC_TprWMG’U(S)ngH'U ) (33)

2‘/rmsfmg (Rffmg'i'SLf,mg)
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TABLE I
PARAMETERS OF THE VFAC-TSG
Symbol Parameter Low-Speed Mode  High-Speed Mode
Wmg Line frequency of MG 21x400 rad/s 27x800 rad/s
d-axis armature
Vi mg voltage of MG 89.8V 1295V
g-axis armature
Vy me Foltage of MG 1356 V 978V
H, Voltage sensor gain 1 1
Proportional gain
K, of Gy(s) 0.01 0.01
K; Integral gain of G,(s) 0.05 0.05

Ome Line frequency of ME 21x666.7 rad/s 2ntx1333.4 rad/s

N Power angle of ME 0.89 rad 1.12 rad
Vit me ¢ sﬁfg‘;‘z‘?ﬁg 2197V 2194V
Vi me - zﬁ:gi"g;aﬁg 17.86 V 1087V
Lime raxis armature 1781 A 16.88 A
Iy me draxis armature 10.64 A 53A

Wpe Line frequency of PE 21800 rad/s 2mx1600 rad/s
Sow Switching frequency 2 kHz 2 kHz

1 Sampling frequency 2 kHz 2 kHz

B. Closed-Loop Terminal Characteristics

Recalling (34), shown at the bottom of this page, Z.(s) is also
a 2x2 matrix. The characteristics of Z._44(s) and Z;_44(s) are
studied in the following.

Table I lists the steady-state parameters of the VFAC-TSG
under the low-speed and high-speed conditions. Substituting the
parameters in Table I and Appendix into (34), the Bode plots
of Z._44(s) and Z;_,4,(s) are depicted, as shown in Figs. 9 and
10, respectively. As shown, both Z._44(s) and Z_44(s) have one
magnitude peak around the cutoff frequency of Tqcu(s), which
isdenoted as f.. The characteristics of Z. 44(s) and Z,_,4(s) in the
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Fig. 9. Bode plots of Z. 44(s).
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frequency range of (0, f.) and (f., fs/2) are sequentially studied
as follows.

1) Z. 44(s) in the Frequency Range of (0, f.): As shown in
(B4), Zc_ad(s) = Gad(9)Zo_ad(s) + Gag($)Zo_qa(s). Generally,
the inertia of the VFAC-TSG is strong, f, is far lower than the
fundamental frequency of the VFAC-TSG, so we have sV g
+ WmgVq mg & WmeVq mg in the frequency range of (0, f.).
Besides, considering that [Tgcu(s)| is high in (0, £,), we also
have Tgcu(s) = 1 4+ Tacu(s). Substituting them into (35) and
(36), respectively, G 44(s) and G 44(s) are approximated as

Zc(s) = Zciqd(s) Zciqq(s)

Ze_da(s) chq(é‘)] _ [Gdd(S)Zodd(S) + Gag(5)Zo_qa(s) Gad(s)Zo_aq(s) + Gaq(s)Zo_qq(s)
Gqa(8)Zo_ad(8) + Goq(8) Zo_ga(s) Gqa(8)Zo_aq(8) + Gaq(8)Zo_gq(5)

Gdd(s) ~1 39)

Gaq(s) = —5/Wng- (40)

Accordingly, Ggi($)Zo_qa(s)~ Z,_gq(s) holds, and

G 44($)Zo_q4(s) can be simplified as
S sLq ngf mg

G Zy ~——1LU7, N ———= —°
dq(8)Zo_ga(s) e _qd(8) Rime + 5Lim

41)

(34)
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Recalling the analysis in Section IV-A, Z, 44 is dominated
by R. mg in the low frequency range. Thus, Gg4()Zs_qa(s)
is resistive in this case. According to (41), Gg4(8)Zy_4a(s) is
negatively resistive—inductive. These conclusions are identical
to Fig. 9. Besides, as shown in Fig. 9, in (0, f.), the magnitude
of G44(5)Zo_g4(s) is lower than that of G 44(s)Z,_g44(s), and the
phase difference between G 44(5)Zs_q4q(s) and G q4(8)Zo_qa(s) is
greater than 90°. Thus, Z. 44(s), as the sum of them, whose
magnitude is lower than that of Z,_,44(s) and is mainly resistive
in (0, f.) (see Fig. 9).

2) Z_qa4(s) in the Frequency Range of (f., f/2): By taking
the dominant terms, the expressions of G44(s) and G 44(s) at the
frequencies higher than f. can be approximated as

Gdd(s) ~1

S

(42)

Gaq(s) = ——Tocu(s) (43)

mg

Accordingly, G 44(5)Zo_dd(s) = Zo_a4(s) still holds. Combin-
ing (33) and (43), the characteristics of G 44(s) in this frequency
range feature the first-order low-pass characteristic. Recalling
that Z, ,4(s) also features the first-order low-pass characteristic,
the amplitude of G 44(s) Z,_q4(s) is far less than that of Z,_g4(s)
in (fc, fs/2), as shown in Fig. 9. Thus, as the sum of them, Z._44(s)
is similar with Z,_;4(s) and is resistive—inductive in (f., fs/2) (see
Fig. 9).

3) Ze_qq(s) in the Frequency Range of (0, f.): Likewise,
taking the dominant terms, G,4(5)Z,_aq(s) and Gg,(s) in the
frequency range of (0, f,) are simplified as

Gqd(8)Zo_dq(8) = Vi mgWmg Lg me/ Vg me (44)
1

G,(s) ~ . 45

LM( ) TGCU(S) ( )

According to (44) and (45), and considering that |Tgcu(s)| is
hlgh in (O: fc)a Zchq(s) = qu(s)Zoqu(s) + qu(s)Zoqu(S) can
be approximated as

Ze_qq(8) = Ggd(8)Zo_dq(8) = Vi mgwWmgLg mg/Vy mg-  (46)

Observing (46), Z. 44(s) features as resistance in this fre-
quency range, as shown in Fig. 10. Besides, its amplitude
depends on the relation between Vg ,,,, and V, ;.. Defining
the ratio of Vg_yg and Vg as A, since Z,_44(s) = R, g holds
in this frequency range, the condition for |Z._4q(s)| > [Zo_gq(s)|
is

V. R
R e P @7)
Vamg ~ Wmglq mg
where Aci = R mg/wmeglq mg 1s the critical value of

Vd_mg/vq_mg.

For better clarity, the Bode plots of Z._4,(s) with different A
were depicted in Fig. 11. As shown, in (0, f2), |Zc_gq()| < Ra_mg
is valid only under A < Ay, which is in agreement with the
above analysis.

Besides, as shown in Fig. 11, there is a special case, i.e.,
A = 0, where the phase of Z._44(s) approaches 90° in (0, f.).
This is because G44(5)Z,_aq(s) = 0 holds in this case, leading to
Ze qq(8) = Gog(8)Zo_qq(8) = Zo_qq()/Tgcu(s) instead of (46).
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Fig. 11. Bode plots of Z._44(s) with different A.

Since Z, ,4,(s) approximately features as resistance in (0, f),
the feature of Z._,44(s) is opposite to that of Tgcu(s). According
to (33), Tgcu(s) features second-order low-pass characteristic
and tends to be capacitive in low frequency range. Therefore,
Z;_44(s) tends to be inductive in (0, fc.).

4) Z._q44(s) in the Frequency Range of (f., fs/2): Likewise,
the expressions of G 4(s)Z,_q4(s) and G 44(s) in the frequency
range of (f., fi/2) are simplified as

- Vd?mgwmg L

Gqa(5)Zo_aq(s) = v =2 Tocu(s) (48)
q_mg

Gq(s) = 1. (49)
Accordingly, Gqq(8)Zo_qq(S) = Zo_qq(s) holds. Observing

(48), the characteristic of G4q(5)Zs_qq4(s) in (fc, fs/2) is also

determined by the ratio of Vg e and Vy_ g, 1.€., A.

When A < Aei, Zc gq(s) is dominated by Z, ,4(s), fea-
turing resistive—inductive. Otherwise, the initial amplitude of
G 4a($)Zo_4q(s) 1s larger than that of G4(5)Z,_44(s). Since the
amplitude of Gyq(5)Z,_qq(s) attenuates with a slope of —40
dB/dec and the amplitude of G ,4(s)Z, 44(s) increases with a
slope of 20 dB/dec, there is an intersection between them (see
Fig. 10). At the frequencies below the intersection frequency,
Z;_q4(s) is dominated by G 44(5)Z,_q4(s), featuring as a negative
resistor-capacitance. At the frequencies above the intersection
frequency, Zc_qq(s) is dominated by Gg4(5)Zy_gq(s) and grad-
ually changed to inductive. Besides, the negative resistance
frequency range of Z. ,4(s) becomes wider with the increase
of A (see Fig. 11).

C. Impacts of the Rotation Speed

The main generator, main exciter, and pre-exciter are all
connected in the same transmission shaft of the engine, 50 wyyg,
Wme, and wpe are synchronously determined by the rotation
speed. As mentioned, the rotation speed varies in a wide range
of practical applications, which have an impact on the terminal
characteristics.
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According to (30), the amplitudes of Z, q4(s) and Z, 44(s)
increase as wy,, increases, which indicates that the coupling
between d and q axes becomes more significant. Besides, with
the increase of the rotation speed, the gain of Tgcu(s) increases
and, thus, f. goes higher. This can be verified by depicting the
magnitude plot of Tgcy(s) with the parameters in Table I and
Appendix, as shown in Fig. 12.

Substituting the parameters in Table I and Appendix into (33),
the Bode plots of Z.(s) under low-speed and high-speed can
also be depicted, as shown in Fig. 13. As can be observed, a
higher rotation speed shifts the magnitude peaks of Z. 44, Z¢ 44,
and Z. ,, toward high-frequency regions, and increases the
magnitude of Z._4,. Besides, the negative resistance frequency
range of Z._,, becomes wider.

D. Impacts of the Digital Control Delay

According to the expression of the G4(s), the phase lag caused
by the digital control delay in the low frequency range is quite
small. Considering thatf; is low, the impacts of the digital control
delay on Z.(s) in (0, f.) can be ignored. Furthermore, according
to the analysis in Section IV-B, the approximate expressions of
Z qa(s)and Z; 44(s)in (fc, fs/2) donot contain G (s), which thus
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Fig. 15. Measured result compared with the proposed model for Z,(s).

will not pose an impact on the characteristic of Z.(s). Overall,
the impacts of the digital control delay on Z.(s) can be ignored.

V. EXPERIMENTAL VERIFICATION

To verify the accuracy of the established small-signal
impedance model and the correctness of the theoretical analysis,
experiments are performed based on the hardware-in-the-loop
platform, as shown in Fig. 14. The model of the VFAC-TSG
and the module of the disturbance signal generation are imple-
mented on the OPAL-RT Target Real-time Simulation System,
and the voltage controller of the GCU is implemented in a
TMS320F28335 DSP. The output voltage and current of the
VFAC-TSG are measured by the oscilloscope. The parameters
for these experiments are listed in Table I and Appendix.

The first set of experiments is conducted to verify the ac-
curacy of the proposed impedance model. The results of the
open-loop and closed-loop impedances are shown in Figs. 15 and
16, respectively. As can be observed, the proposed open-loop
and closed-loop impedance model always matches well with
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the measurement, which confirms that the proposed impedance
model is accurate.

The second set of experiments is conducted to confirm the
theoretical analysis in Section IV. Fig. 17 shows the measured
results of Z.(s) under different rotation speeds. As can be
observed, with the increase in rotation speed, the magnitude
peaks of Z. 44, Zc_4q and Z. 4, move toward high-frequency
regions, the magnitude of Z. 4, increases, and the negative
resistance frequency range of Z._,, becomes wider. The results
are consistent with the results shown in Fig. 13, and confirm
that the theoretical analysis regarding the impact of the rotation
speed on the terminal characteristics is correct.
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VI. CONCLUSION

This article established an accurate small-signal impedance
model of the VFAC-TSG under the synchronous d-q frame. On
this basis, the open-loop and closed-loop terminal characteristics
of the VFAC-TSG were thoroughly analyzed. It was found
that the characteristics of the open-loop impedances (i.e., Z,_ 44
and Z, ,,) are resistive in low frequency range and gradually
change to inductive in high frequency range. The closed-loop
impedances (i.e., Z._qq and Z;_,4,) had a magnitude peak located
around the cutoff frequency of Tqcy. Besides, Z._4, presented
the negative resistance characteristic once the ratio of d-axis
and g-axis armature voltages of the main generator exceeded its
critical value.

Furthermore, the impacts of rotation speed variation on the
terminal characteristics were studied. As the rotation speed
increased, the frequencies of the magnitude peaks of Z. 44 and
Z. 44 became higher, the negative resistance frequency range
of Z. 44 became wider, and the coupling between d and g axes
became stronger. The impact of the digital control delay on Z(s)
could be ignored.

The accuracy of the established impedance model and the cor-
rectness of the theoretical analysis were finally verified by the ex-
periments on the hardware-in-the-loop platform. The impedance
model and the above findings provided theoretical support for the
future work on the stability analysis and parameter optimization
of the MEA VFAC power system.

APPENDIX

The parameters of the VFAC-TSG are presented in this Ap-

pendix, which are illustrated as follows.

1) Main generator: 6 poles, Smg =90 kVA, Ra_mg = 8 m(,
Ll_mg=1.15 gH, Lmd_mg = 0.23 mH, Lmq_mg = 0.12
mH, Rf_mg = 2.78 m{2, LIf_mg = 3.32 uH, and Nmg =
0.029.

2) Main exciter: 10 poles, Sme = 2.07 kVA, Ra_me = 0.07
Q, LI_me = 0.25 mH, Lmd_me = 0.42 mH, Lmq_me =
0.27 mH, Rf_me = 5.59 m€2, LIf_me = 0.06 zH, and Nme
= 0.036.

3) Pre-exciter: 12 poles, Spe = 0.35 kVA, Rpe = 0.3 €2, Lpe
= 0.27 mH, and ¢m = 0.0046 Wb.
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