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Small-Signal Modeling and Stability Specification of a
Hybrid Propulsion System for Aircrafts

Qing Lin

(ABSTRACT)

This work utilizes the smallsignal impedancebased stability analysis methad
develop stability assessment criteria for ingke-aisle turboelectric aircraft with aft
boundarylayerpropulsion(STARCGABL) systemThe mpedancéased stability analysis
methodoutperforms other stability analysis metbdécauset does not require detailed
information of individual componentsr system integratigrthereforeasystem integrator
can jwst requirethe vendos to make the individual components meet timpedance
specifications to ensure whole system stabilityis thesigpresents models afgenerator,
motor, housekeeping loadmd battery all with power electronics interface which farm
onboard electricatystem and analyzes the relationship between the impedance shape of
each component and their physical design and control loop desiged Bn theeveloped
smaltsignal model of the turbingeneratorrectifier subsystem and load sybgem this
thesis analyzethe impact of electromechanical dynamics of the turbofan passed through
the generator on the dc distribution system, concluding that the rectifier can mitigate the
impact. Finally, to ensure thestudiedsystem stable operatiorumng the whole flying
profile, the thesisprovides impedance specifications of the dc distribution system and

verifies the specifications with several casgetime-domain simulations.



Small-Signal Modeling and Stability Specification of a
Hybrid Propulsion System for Aircrafts

Qing Lin
(GENERAL AUDIENCE ABSTRACT)

Electric aircraft propulsion (EAP)echnologies have been a trendthe aviation
industry for their potential to redueavironmental emissions, incredael efficiencyand
reduce noise for commercial airplanes. Achieving these benefits would be a vital step
towards environmental sustainability. However, the development-efediiric aircraft is
still limited by the curent battery technologies and maintenance sysfeEngssngle-aisle
turboelectric aircraft with aft boundarylayer (STARGABL) propulsion concept is
therefore developed by NASA aiming to bridge the gap between the current jet fuel
powered aircraft and fute allelectric vehicles. The plane uses electric motors powered
by onboard gas turbines and transfers the generated power to other locations of the airplane
like the tail fan motor to provide distributed propulsion.

Power electronicsbased converteconwerts electricity in one form ofelectricity to
another formfor example, from ac voltage to dc voltage. This conversion of power is very
important in the whole society, from small onboard chips to Mega \Weéats electrical
power systemin theaircraftelectrical power system context, power electronics converter
plays an important role in the power transfer process especially with the recent trend of
using high voltage dc (HVDC) distribution instead of conventional ac distribution for the
advantage of icreased efficiency and better voltage regulation. The power generated by

the electric motors is in ac forrRower electronics converter is used to convert the ac



power into dc power and transfer it to the dc Bexause the power to dritleeelectric
motor to provide distributed propulsion is also in ac form, the dc power needs to be
convertedback into ac powestill througha power electronics convertewith a high
penetration of power electronics into the onboard electrical power system and theeincrea
of electical power level potential stabilityissuesresulted from the interactions of each
subsystermeed to be paid attention tdhere are mainly two stabilityrelatedstudes
conducted in this work. Onetise potentialcrossdomaindynamic interaction between the
mechanicalsystem and thelectrical system. The other is a desigriented study to
provide sufficient stability margin in the design processtaen® t he el ectri cal
stable operation during the whole flying ptefi

The methodology used in this thesis is the impedaased stability analysis. The main
analyzing process is to find an interface of interest first, then grouped each subsystem into
a source subsystem and load subsystem, then extract the source capaddroad
impedance respectively, and eventually using the Nyquist Criterion (or in bode plot form)
to assess the stability with the impedance riogeesults.

The two stabilityrelated issues mentionegbove are then studied by performing
impedance aalysis of the system. For the electromechardgalamics interactiostudy,
this thesis mainlystudies the rotodynamic® | mpact on the outoput i
turbinegeneratorrectifier systemt o assess the mechanical dy n:;
stability condition of the electrical systert is found that theotor dynamics of the turbine
is masked by the rectifier; thereforedites notcause stability problem to the giened
system. For the desigroriented studythis thesismainly explores and providethe
impedance shaping guidelines of each subsystemnsurethe wholesysten's stable
operationlt is found that he stability boundary case is at rated power |aelgenerator
voltage | oop bandwidth i s expevted H6dBbedbe

stability margin andload impedance mainly depends on itih@orconverter impedance.
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Chapter 1

Introduction

1.1 Research Motivations

Electric aircraft propulsion (EAP) technologies have been a tretieemviationindustry for
their potential to reducenvironmental emissions, incredsel efficiency, reduce operatiocoss,
and reduce noise for commercial airplanes. Achieving thexsefits would be a vital step towards
environmental sustainability. However, the development eélalitric aircraft is still limited by
the current battery technologies and maintenance systemsingheassleturboelectricaircraft
with aft boundarylayer (STARGABL) propulsionconcept developed by NASA agto bridge
the gap between the current jet fpelwered aircraft and future adlectric vehicles. The plane
uses electric motors powered by onboard gas turbines and transfers the generatedqibeser to
locations of the airplane like the tail fan motor to provide distributed propulsion.

Power electronicbased converter converelectricity in one form of electricity to another
form, for example, from ac voltage to dc voltage. This conversionwép very important in
the whole society, from small onboard chips to Mega Watts level electrical power system. In the
aircraft electrical power system context, power electronics converter plays an important role in the
power transfer process especiallyth the recent trend of using high voltage dc (HVDC)
distribution instead of conventional ac distribution for the advantage of increased efficiency and
better voltage regulation. The power generated by the electric motors is in ac f@ampower
electronics converter is used to convert the ac power into dc power and transfer it to the dc bus.
Then because the power to drie electric motor to provide distributed propulsion is also in ac
form, the dc power needs to be converted back intpoaver. With a high penetration of power
electronics into the onboard electrical power system and the increase of electrical power level,
potential stability issues resulted from the interactions of each subsystem need to be paid attention
to. Therearemainly two stabilityrelated stugtsconducted in this work. One is the potential cross

domain dynamic interaction between the mechanical system and the electrical system. The other
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is a desigroriented study to provide sufficient stability margin in theige process to eaee the

electrical systemb6bs stable .operation during t

1.2 Introduction to STARC-ABL Onboard Electrical System

The STARCABLisal50passenger class commerci adnd ai r cr
wi ng o, as Blewvp | Fig. 1-1. The key features includie rear fuselagedondarylayer
ingestion fan, the -Tail empennageand the reduced size turbofans allowed by the turboelectric
propulsion. With the boundary layer ingestion, the enginéseafirplane are locat near the rear
of the aircraft thus the air flowing over the aircraft body becomes part of the mix of the air going
into the engine and is then accelerated out thethaskeducinghe dragorce which is beneficial
in reducing fuel burn irthe jet ergine. The STARCABL concept utilizes the turboelectric
propulsion architecture in a minimalist way. The two turbofans still provide the most amount of
thrust, 80% during takeoff and 55% at the tophef climb stage. Only part of the power was

distributedthroughanelectrical power system to provide distributed thrust.

Figurel-1 STARGBL view

The two traditional jet engines of the STARBL are mounted under the wingshich contain
electric generators.dwer generated by these generators is sent to the tail of the aBoreét the
STARG-ABL is still a conceptual aircraft, there can be different desajuationsof the electrical
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system on STARE@BL. A simplified but informative diagram shown below given overview
of one kind ofelectrical power system structure on the STAREBL aircraft. There are two
symmetric branches each with a turbofargenerators connected to thiew-pressure (LP) shaft
and the higkpressure (HP) shadit eachbranch respectivelyWith the rectifiers, the ac power is
converted into dc powei here isa motor drive,a housekeeping loadnd a battery converter
connectedo the dc busThe motor drive convethe power bak to ac and drive th&il motor.
Through theclutch andgearbox, the tailfan is drivdyy thetail motorand provide propulsion for

the aircratft.

Battery and
Converter 1
LP Motor/ |
Generator 1 Inverter
Turbofan Rectifier DC Bus 1 Motor 1
1 HP Motor/ 1 ; |
Generator 2 Housekeeping
loads 1 Clutch 1
Gearbox Tailfan
LP i Clutch 2
Motor/ Hongsgezpmg utc
Generator 3 |
Turbzofan Recélfler DC Bus 2 Inverter
HP Motor/ | Motor 2
Generator 4
Battery and
Converter 2

Figurel-2 STAR@BL propulsion system diagram
From the control and operation perspective, theesvisory control receives power lever angle
(PLA) request fromaircraft and sends three separate PLA requests to the two turbofans and the
tailfan. The tirbofan PLA regest is converted to speed command and turbofan operates in closed
loop fan speed controlThe nduction generator converts mechanical power extracted from
turbofan to AC electrical power. Generator control holds supply bus voltage comattianh PLA

request converted to speed command and tail motors operate underlctysaspeed control.



Motors are connected to tailfan through freewheeling clutches and gearbox to account for potential

oneengineinoperative scenarios

1.3 Background on Impedancebased Sthility Analysis

There are many different techniques for stability analysis, such as eigenvalues analysis based
on the system statgpace model, the loop gain, and the impeddrased method. Using the
impedancebased method, the system being studiedbeatneated like a blaeliox, meaning that
it is not necessary to know the system parameléesefore the methodology used in this thesis
is the impedancbased stability analysisThe original formulation of the impedanrbased
analysis was proposed IR, D. Middlebrookin 1976. It utilizes the Thevenin representation of
the equivalent circuit of a converter system to another converter system. For a dc system, the
Ssubsystem providing the dc voltage regdl ati on
ot her components can be treated as the 061l oadéd
an ideal load and an ideal source, respectively. The-sngatl impedance of the source and load
can be derived usingn analytical model or usingn impedance measurement unik{) in
practical testing. The source impedance is labeled as@load impedance is labeled as 7he
impedance ratio between the source andloaZ{(Y¥ i s defined as the fAmir

feedback control system.

Source Load . R
Zs + V°C,C 1 v >
\700 \; ZL + u
_ L Z. 17,

Figurel-3 Impedance analysis of a cascade system
Nyquist stability criterion can be applied to the minor loop gain for stability assasbecause
it is applied to the loop gain of the closledp system. The Nyquist criterion requires the number
of counterclockwise encirclements of th&+j0) point by the characteristic loctsbe equal to
the number of theight-half-plane RHP) poles of the minor loop gain. In practice, the system
stability is usually judged by checking whether the locus encirclestt@) point because RHP
polesdo notusually exist in the minor loop gain. Therefore, the distance between the characteristic
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locus to the-(1+j0) point can be considered e stability margin.Based on this, a forbidden

region on the complex plane can be defined to represent a certain stability margin of a system.

There are different forbidden regidvased stability criteaj as shownn Fig. 1-5. For example,
the Unit Circle Criterion was also named as Middlebrook Criterion, which requires the
characteristic locus of the minor loop gain be within the unit circle galiremargin phase margin
(GMPM) criterion requires the characistic locus to be at the right side of the two curves defined
with certain gain margin PM and phase margin GM. Opposing Argument Criteriors more

applied to multiple load cases. It requires the total load characteristic locusridheeright sie

of the curve-—X-, and according to the individual load power, it requires the individual load

GM '’
impedance satisfies ( Z, )<, 1 P
? Z GM P,
Im A

GMPM Criterion

PMi\\\ | Unit circle
u (Y] ) .
A - T,
ESAC_CrmX} o ) Re
SR ""Médlebrook Criterion

P e
s

<>
1/GM

Opposing Argument
Criterion

Figurel-4 Different forbidden regin stability criterion
In this work, the GMPM forbidden region criterion is used for impedance specifications, which
will be implemented in thempedance shaping in Chapter 2, impedance analysis in Chapter 3
impedance specifications in Chapter 4. The GMPM forbidden region criterion can also be
expressed in bode plot form. For example, in the figure bélowr a 6dB GM and
theblue curve shows the load impedance, #eded curve shows the load impedance with 6dB

gain offset andt120e p has e o f fas$the frequdnty painghgre the gaia of source



impedance haanintersection with the red curve, the phase of sounpedance should be within

the region defined by the twedcurves in the phase plot.
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Figurel-5 GMPM forbidden region criterion in bode plot form
1.4 Thesis Outline

This thesis is organized as followé&Zhapte 2 givesa detailed modelingrocessof the whole
system as well as each componeniChapter 3based on the smadignal model of the turbine
generatorectifier subsystem and load subsystem developed in Chapténe impact of
electromechanical dynaos of the turbofan passed through the generator on the dc distribution
system is analyzed, concluding that the rectifier can mitigate the infphapter4 provides
impedance specifications of the dc distribution system and verifies the specifications with several
case stugsin time-domain simulationso ensure the system stable operation during the whole
flying profile, which is also based on the impedamoodel developed in Chapter Chapter 5
summarizes this work and draws conclusions from the impedsas=a stability analysis and

time-domain simulation results.



Chapter 2

Modeling of STARC-ABL System Components

In this work only one turbofan system is modeled. Meanwhile, considering in general, most
power is transferred through the lgpressure (LP) shaft, so at the generator, sidly the LP shaft
set is modeled, as shown in F&1. There are fousubsystems connected to the dc bus, namely
generatorrectifier, invertermotor, loadconverter, and battergonverterFor each subsystem, the
model includesa switching model (considering all with powelectronics interface), average
model and smalsignal model to analyze smaignal stability in further chapterso begin with,
the modeling of power electronics converter is introduced, followed by the modeling of the four

subsystems in detail.

LP
Turbofan j—o _ Motor/ Rectifier IVerters | 1y,

1 Generator 1 1 DC Bus Motor 1

Loads 1

Figure2-1 STAR@BL propulsion system with one turbofan diagram
2.1 Converter Operating Principle and Modeling

There are various types of topologies of a converter switching network. In this section, a two

level and a thretevel topologyare introduced.

2.1.1 Two-level Converter

A two-level threephase voltage source converter is shown below. The switching network can
be designed using various types of devices including IGBTs, GTOs, and Si MOSFET, according
to the working condition requirementgjch as voltage level and power level. Here the switching
devices are modeled usittte IGBT symbol. For each phase, to avaiopen circuit for ac side
inductor or shortircuit for dc side capacitor, there can be only one device switching on at any

time instant. When the top device is switched on, the output phase voltage is equal to Vdc and



when the bottom device is on, the output phase voltage is 0 if assumingvaltage potential at

the negative terminal of the dc side.

K3 5 1
J\} J\} J:}

Figure2-2 Twolevel voltage source Inverter circuit model
For control design and stability analysis, the switching characteristic of the devices are not very
significant, therefore, and the six devices all modeled aanideal switch. Because for each

phase, only one switch can be &k=1 means the corresponding switch is on.

Sip t8m=1,ic{a, b, c} (2-1)
P
/Sap o/pr /Scp
V, Y'Y\
Vo =, o A
vc..—rvvwn_.
]/San {Sbn <(‘Sl‘n
N

Figure2-3 Two-level voltage source Inverter switching model



The twaoideal switch in the same phase can be together modeled as gosilegleublethrow

switch, as is shown in the figure below. Therefore, a switching variable caniteddss,

S’i:Sip :1 _Sinf ’LE{(Z, b, C} (2-2)
P
S, Uq > 2
' cb\gb > b
Vdc_——_ - Cdc Sb .
S \:/Uc —>> /l'c Y'Y ™Y\
N

Figure2-4 Two-level voltage source Inverter switching model
From the working principles described above, the relationship between the voltage and current

atthedc side and ac side can be written in the equations beleyare respected to N.

Ua Sa
vy |=1| Sy vy (23)
v S

C c

bge = 1,9, T 4,9, + 1.5,

The line frequency of the converter is usually around 40Hz~70Hz, which is much lower than
the switching frequency (usually above 10kHE)e switching frequency components in the ac
side are usually attenuated by the inductor and EMI filieerefore, from the modeling aspect
the low linefrequency components are considered only. The switching functions can be averaged
in each switching cycle to obtain the duty cycle of the switch.



t
4= /si(T)dT, icla, b, c} (2-4)
t—T

In this manner, the switching models can be converted to the average model, as shown below.

,Ua da
’Ub = db ’Udc

2-5
”, q. (2-5)

tge = 1oy + 4 dy +1.d,

The circuit diagram of the average modeABBC frame is,

dato/\  dpiy N\ Gele

i “HUOTP =

o

dc Vdc

Figure2-5 Twolevel voltage source Inverter average model in ABC frame
The electrical variables in the stationary ABC frame are-tiar@ant, making it difficult to
designacontrol scheme. An alternative is to convert the tfirmgant system into a timi@variant
system by utilizing the rotatinQQ frame. To transformthABCf r ame t o t he dqgO

transformation can be used.

_ Tl 2-6
Xabe = T dqo/abe Xdqo (2:6)

where for poweinvariant transformation,
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cos (D) cos< %
2 2
quO/abc = \/; -sin (6) -sin ( § >

2
3
2 (2-7)
<6 + §'IT>

1
i v V2

and for vectotinvariant transformation,

cos(d) cos <6 — %ﬂ) cos (6 + %n)
2| g : 2 . 2 (2-8)
quO/abc = 3 -sin(d) -sin (6 — gﬂ) -sin <6 + §n>
1 1 1
ViooB V3

and is the angle of the position of a axis with time. In this work, the powerv ar i an't

transformation is used. The voltage and current variablibe iDQframe satisfy

- d dc
Y I (2-9)
Gge = Ggdg T 1,d,

The circuit diagram of the convertertime DQframe is shown below.

davac

o

Sy =

dq Ve

Figure2-6 Twolevel voltage source Inverter average model in DQ frame

To derive the smalignal modelthe average model is linearized at a certain operating point
according to,
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L(x)=f(X)+{"(X)Ax (2-10)

where X is the operating point adllr = Z is the smakHsignal term. Themallsignal model is

then derived by subtracting the largignal term.

The smalsignal model of the twaevel voltage source inverter is shown below.
{@d} dy
7, gq

Gge=14D4+14,D, +Igdq +1,d,

v
de (2-11)

i

dAd Vdc

d,I, ¢dq1q % ¢

d id Dq 1

e
I
o

___Vdc

d, V.

Figure2-7 Small signal model of VSI
2.1.2 Three-level Active NeutralPoint-Clamped Converter
2.1.2.1 Operating Principles of ANPC

Challenges may appear when designing converter for high voltage arabigh applications.
For high power converter, there can be two solutions: one is from device level, to use high power
semiconductor devices, the other is from topology level, toausuiltilevel converter. The
following figure shows four categories tiie multilevel converter, namely flying capacitor,
neutratpoint-clamped (NPC) type, cascaded type, and hylithreelevel active neutrapoint
clamped (ANPC) converter is one kind multilevel converter. Compared with other types of
multilevel converter, ANPC is suitable for higlower medium voltage level (kilovolts)
applicatiors. It features better thermal balance, high efficiency, and can also be designed with
bidirectional power I[bw. Therefore, ANPC is suitable for applications in the STA&EL

system.
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Multilevel VSI
Flying Neutral Point Hybrid

Capacitor (FC) Clamped (NPC)
Cascaded H NPC+CHB

Stacked FC Diode Clamp Bridge (CHB) —_—

Cascade
i Asymmetric i
Devices for products Active Clamp yCHB SECEO0E

IGCT |IGBT!  GIG S—

T-type Modular Multilevel T
. odular Multileve! 5-L ANPC
(switch clamp) Converter (MMC) [ )

Figure2-8 Different topology of Multilevel Converter

ANPC is originated fronadiode neutrapoint-clamped (DNPC) converter. Hetee model and
operating principles of DNP@refirst given. Compared witatwo-level converter, for each phase
leg, there are two additional switching devices, and the middle points of the two devices at the top
and bottom, and the two dc capacitors amnected through two clamping diodes ébd [d), as
shown below. The output voltage and current are both bidirectional, so there are in total four stages
as shown in the right figure below, with the corresponding switching states of the four active
devices in the following tableFor example, at the first quadrant, the current flows output of
terminal & andthe output voltage is ps. At this state, Sis on, and $is ata high switching
frequency to modulate certain output voltage wavesomith Dp as he freewheeling diode

Table2-1 Switching states

S1 S2 S3 S4
P 1 1 0 0
@) 0 1 1 0
N 0 0 1 1
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Figure2-9 Onephase leg configuration and operating stages of DNPC

To get an ANPC topology from DNPC, one just needs to replace the clamping diode with two
switching devices (Sand $), with one phase leg shown below. With controllable switching
devices, the neuwdt current path can be flexibly configured to design more varieties in modulation
schemes, balance voltage stress across the devicasd$, Ss and S), and achieve better loss
distribution. For example, when the current conduction path is throusydSs to point P, $can
be on to clamp the middle voltage of &d S to be the voltage of O point, so that the voltage
across Sand S are both Mc. The same as DNPC, there are four possible electrical stages with
bidirectional current and voltages ahown in the right figure below. For example, at the first
guadrant with current flowing out of terminal which is connected to point P,2$ on all the
time, while S is at high switching frequency with the body diode of S2 commuting current
betweerO and P.
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Figure2-11 Fouroperating stages of ANPC
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A threephase topology of ANPC is shown belolhere are different modulation schemes for
ANPC. One example is shown below. Two higéquency triangle modulator waveforms, with
magnitude from 0 tol, and to O respectively, are compared with thpbase caier signals.
and S switch are complementary at line frequency, meaning thah®& S switch at the instant
when the carrier signal crosses 0. At the positive half cycle of the carrier signal, when the carrier
waveform is larger than the top modulateaveform, $is on while $is off, and vice versa. So
S and S are high frequency complementary. At the same timgs, I€pt off, and Sis on. At the

negative cycle of the carrier waveform, when the carrier waveform is larger than the bottom



modulate waveform, &is on while 3 is off, and vice versa. So:&nd S are highfrequency
complementary. At the same tima,iSkept off, and Sis on. From the above analysis, S2 and S

mainly bear conduction loss, whilg,$n, S, and & need to handle stahing loss.

Figure2-12 Threephase ANPC converter configuration

(sthmunum:mm e .|
s1Ltm||lmnmmmmmuH ompleTretArs E

v'ﬂ""}ﬂ.‘ ‘W’ il e ——
st s L
it o

Figure2-13 SPWM Modulation of ANPC
2.1.2.2 Switching Model and Modulation Scheme

For each phase leg of the ANPC, the output terminal has three possible cosntecBoto Q
or N. Therefore, ideallythe switching devices of each phase leg can be model as athirggle
triple-poles switch, ass5S, and S showed in the figure bedw. Nine switching variables are
defined, Sp, S0, San, Sop, Soo, Son, Sep, So, and Sn. If A connects with P, thena$1, otherwise
Sap=0. The same principle appligsthe definitions of the rest of the switching variables. From the

definition, S,, +S,, +S,, =1 can be obtained because only one point amoi &d N will be

connected to A. The same rule also applies to phase B and phase C.
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Figure2-14 Threephase ANPC converter switcgimodel

From the circuit above, the following equations can be derived.

V.. [S.. -S

ap an TV
Vio |=| Stp ~Stm Vp"} (2-12)
Vco Scp _Scn -
i, Sap Stp Sep | [ 1a
i0 = Sao Sbo Sco ib (2_13)
i, San Sbn Sen | | e

Since there are three possible switching states of each switch variaglésese are in total 27
switching states. For example, PON meafs’S So—=1, and &=1. The 27 switching states result
in 18 different lineto-line voltage vectors, as shown in the graph below.

Figure2-15Voltage vector diagram of threghase ANPC converter
As can be seen from the space vector diagram, the voltages vectors have three different lengths.
The yellow ones are the long vectdis blue ones are the medium vectors, Hmered ones are

the short vectors. For any voltage vector located in the veietgram above, it can be decomposed
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into threenearbyvoltage vectors. For example, for any voltage vector located within the region
circled by the triangle in red above, it can be accomplished by asergain duty cycle of vector

PNN, PONand POO o©ONN in one switching cycle. Another goal of a proper modulation scheme

is to keep the neutral point O voltage potential balance, which is essential to maintain a good output
voltage and current waveform, reduce harmonics and maintain proper functibescohterter.

Below is the analysis of the source of imbalance of point O and how to solve the imbalance issue.

The following figures show the current direction of the four switching states mentioned above.
From (@), current 4 is driving current out of t top capacitor, however, since there is no branch
connecting to the O point, the discharge amount from both the top and bottom capacitor similar
thus there is not much imbalance for point O. From b, curs@ntid and currents forms a loop
to dischage the top capacitor, which results in a significant amount of voltage change for point O.
The relative amount of currend and & will decide whether O voltage potential increases or
decreases. So the medium vector is the source of the imbalance pfédgent, ONN results in
a decrease of O voltage potential while P@feasesoltage potential. Therefore, a design with
a proper composition of ONN and POO can be implemented in the space vector modulation

scheme to compensdta the voltage imbalanceaosed by the medium vector.

ONN POO

(a) Long vector (b) Medium vector

(c¢) Small vector

Figure2-16 Long, medium, and small vector example

2.1.2.3 Average Model

If averaging the switching model equations above over one switching cycle, the average model

of ANPC can be obtainetike the equations and figure below.
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Figure2-17 Threephase ANPC converter average model in ABC frame

By applying Parkos
DQ frame can be obtained.
Voltage inDQ model:
Yao dap _ dan _
Vbo = dbp Vpoi dbn Von
Vco dcp dcn
vdo ddp e
Tabc/dq — Tabc/dq|:d :|VpoTabC/dq|:
qo a
vdo

%

qo

ddp < ddn <
o[ 5

Current inDQ model:
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The duty cycle irthe DQframe can be calculated as,

Dy=Dy, — Dy, Dy, =~ Dy
D,=D,—D
Thecircuit model in the D@ameis shown below.

n

qu:_an

qn?

i _
- dd ddo ddn T i d
o |— dbp dbo dbn 1y = <Tabc/dq |:d P d d :|) Tabc/dq -
d d d — qQp g0 “qn 1
L “cp “co 1

4 (2-17)

(2-18)

ddn Uon .
(2]

Vdo

dqn Uon

Vdo

P 7: ddp U dqp iq ddp Uro
" DO rO—O—
Vpo ==
inct| T
VDC____ 0 dqp Upo
+
’U()Nfz T
S A X

Figure2-18 Threephase ANPC converter average model in DQ frame

Dd and O can be obtained by ac side current control. This part will be illustrated in detail in

thelatter part. In additiondtAC currentcontrol, theDC capacitor voltage should also be balanced,

which is realized by a proper design in the space vector modulation

2.2 Modeling and Control Design of Induction Generator

2.2.1 Operating Principle and Modeling

A squirrelcage induction genator driven by a turbine and transferring power to a dc bus
through a rectifier is shown below. To start up the induction generator, a battery is connecting to

the dc bus first to generad¢hreephase sinusoidal current at stator windings to build wpeding

magnetic fieldhathas the same speed as the stator electrical frequendihe rotor speed is
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decided by the turbine and gear ratio. At generator mode, . Current is induced in the rotor
bar by the rotating magnetic field genedhtey the stator current because of the frequency
difference. Aftethestartup process, the battery is removed, and active power flows from the rotor

side tothestator side and the dc bus.

Figure2-19 Turbinegeneratorrectifier System

The general structure of a squirrel cage induction generator is shown below.

Figure2-20 SCIG structure
There are different ways to model annducti on machi ne. One way
transformer model. The model the ABC frame is shown below. s is the slip ratio, which is

defined as] T 7

Figure2-21 Induction generator model iABCframe

Parameters KLis, L, Lm, and R can be obtained through the following three types of tests,

DC measurement test, meditfrequency singlehase testaind neload test.
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2.2.1.1 DC measuremerest

DC voltage is applied across twerminal, A and B for example. All the inductors in the circuit
are shorted, sis the rotor side circuit.

WWA R R..

+o
&

<
B

IR | Rsbc

o

Figure2-22 DC measurement test
Therefore, only Rs functions in the circuit. By measuring the dc currentaR be calculated

as,

6
Y — (2-19)
0

For deltaconnected stator windings,
'Y lY g'Y (2'20)
C
2.2.1.2 mediumfrequency singlghase test

A 45Hz ac voltage is applied to the A and B terminals,thadotor is held still so that slip s is
equal b 1. With mediurdfrequency excitatiorgQi0 sI s— Q0 sso the magnetizing branch

is shorted by the rotor equivalent circuit.

Figure2-23 Mediumfrequency singlghase test
The total terminal impedance can be calculated as,

o .
R (2-21)
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where V is the applied terminal voltage, and | is the measured terminal current.

Y 'Y Y, 0 0 0 (222
With Rs known, Rr can be calculated. The relationship betwgamd L: is usually given in

the machine datasheet so that the valuasafrid Lr can also be obtained.

2.2.1.3 no-load test

A 60Hz ac voltage is applied the A and B terminal, and the rotor rotates at the synchronous

speed, so that slip s is equal t&Qi0) sL s— Q0 s The rotor side circuit branch is open.

Figure2-24 No-load test
The total terminal impedance can be calculated as,

& % Y Qi 0 0 (2-23

With Lis known through the mediwfnequency singlgphase test, k.can be calculated.

The induction generator modeltime DQframe is shown below. The d axis is aligned with the

rotor flux linkage. Thus. ma n_d

dd ids dq iqs

<

&
Q
I
I

Figure2-25 Induction generator with rectifier average model in DQ frame
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~ ~

h. h. h_are the flux linkage of the rotor side and stator side in thatll axis and ¢

axis respectively, which can be calculated using the current information.

- (2-29)

_ LQ v Q Q
_ 0Q 0 Q 10
With _ m it can be i nf e®r eudhefsteachsiatetopemtingcambeui t t
obtained bysolving the following equations.
Ow YO 7 v O v O ©O
m YO 717 1] 00O 0 0O O
O w YO 1 060 0 O O (2-29)
m YO 1 17 00 0 O O
00 00 ©
Y
The electromagnetic toque and active power can be calculated using,
Te = g (Adsiqs - )‘qsids) = ng (idriqs - iqrids) =~ ng iqrids
(2-26)
Pm = erm = gl’miqridswr

Where p is the number pbles.
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To perform Par kthegengratodBCsnfoadrerha t iidrd st mecessary

flux linkage position information. Considering the difficulty in measuring the flux angle, here the

rotor flux angle is estimated through the measureckot

The following equations hold for the induction machine,

Lr d>‘dr +L i, =)\
T, dt m s = dr
Ty Lm
Wy — W, = 7 qu
Lr )‘dr (2_27)
b
W, = 2 Wy,
Wy
6, =—
S
So,
r Zq8(1+S?>
o i T + ﬂw (2-28)
Lr ds 27m
0,=

The rotor flux linkageangle can be estimated using the following blocks.
z.ds iqs

L
FEncoder dl 2

gr fhadl w, otor fluz angle > 96
dt calculation

Induction)
machine

Figure2-26 Induction generator rotor flux angle estimation

Where the rotor flux angle calculation block includes,

25



Figure2-27 Rotor flux angle calculatiom Sinulink
2.2.2 Control Design
A vector control scheme is applied to the induction machine. The figure below shows the flux
linkage of the stator and rotor relative positions m@Q frame._ is the rotor flux linkage and

_ Iisthe stator flux linkage. and_ are the stator flux linkage decompositiorthe DQframe.

Figure2-28 Induction generator rotor flux and ator flux decomposition in DQ frame
Active power is generated when the flux linkage of the stator and rotor sidenlzamgle
difference. Since rotor flux linkage isthied axis, this indicates that the stator flux linkagéhat
d axis is linked with ractive power, and stator flux linkage tae q axis is linked with active

power.

With _ TG, in steadystate,
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A =0

Adr = Lm Lds

(2-29)

)‘qs = (Lls + Lm) iqs + Lm 2:qr
)‘ds = (Lls + Lm) ids

From the equations above, it can be seenthas proportional to,, . Therefore, by controlling

i4s , the reactive power can be controlled. And reactive power is related to thliéagemagnitude.

X\ss IS both related te,, andi,,. With i,, being controlled to control reactive power, active power

is controller through controlling,,. The dc bus voltage is related to active power transfer.

Therefore, the control scheme is designed as bdlmwguter loops are the amltage and dc

voltage loop, antheinner loop is the current loop.

- WA
Vdc Lds Ve
“ 7 — =
Vderef *é K, s + k| “asref /l\ hosth g\
T : A\ ; Y da
Vaeref + K pacoS  Kiaeo| Ldsref p kys + ki IK-\ d,
& o/ s

} T

2 2 . .
Vi + v, Tgs =
d

€
Y| >
SFe

Figure2-29 Control diagram of induction generator with rectifier

The tuning of the PI controller in the cuntdoop and voltage loop utilizes the linesralysis

tool and PID tuner tool in Simulink.

For example, for the current controller, firdte operoop transfer function,/d, i, /d,at the

rated operating point is obtained throdgtear analysis. Then, the optop transfer functions

are imported into the PID tuner respectively. The tuner tool will generate proper values for kp and

ki after certain bandwidth and phase masgire set. Shown below is the GUI of the PID tuner

tool.
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Figure2-30 Tuning PI controller in Simulink using PID tuner
The current loop bandwidth is set at 1.25kHz vaihb-degree phase margin. The dc voltage
controller is tuned to have 140Hz bandwidth watfYO-degree phase margin. The ac voltage
controller is tuned to have 4Hz bandwidth afb-degree phase margin. The srsagjnal model

of the power stage circuit is,

€
i, T
—ie Vae

Figure2-31 Power stage smatflignal modebf induction generation with rectifier

After adding the control loops, the smsifjnal model of the generatwectifier system is,
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Figure2-32 Transfer function flowchart form aflosedloop induction generation with rectifier smadignal model

Where the blocks in pink are derived from the power stage -sigathl modelg ! represents

the dynamics of the rotor flux angle estimation process, the blocks in orange represent the transfer

functions of the controllers and control delay.

¢! is obtained following the derivation shown below,

L"L RT /L'qs L7rL RT'

wW.mw, twa, W, = ————— =__"m " 4
s T slipy slip sy Ndre ds
L. . sL.+ R,

A~ A~ + Lm Rr ZA‘qs Lm R'r Iqs Lm Rr “
s r Lr )‘drc Lr )\2ch SL'r + Rr tas

I, L,°R?* L,R, |4

X802+ LR, AL, o

+

w

-

dre

_ Iqs LmQRTZ LmRT
Ao sL24+ LR, AL,

dre

The transfer functions of the controllers and control delay are shown below.
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The output impedance can be solved using,

. U
w —
H

(2-31)

(2-32)

The plot® below shows the output impedance without addinguter voltage loop. The

magnitude at low frequency is equal to 20leg( and phase is 0 because the generatorthwth

rectifier functions as a constant power source.

30



[AY) T T
0 — Calculation |
T — = Linear Analysis
~
10 - \\ N
g .
P N
E N
‘E -30 -
2 AN
= \
a0 b <
\
-50 \
\
-60 ' 1 1 '
" v T T
O = = ——————
"ﬁ._\_\‘\
— N,
o \
8 45 \
2 N,
& .
\.-""‘ ——
90 .
" sl P " PR " M 1
107 107" 10° 10! 10? 10

Frequency (Hz)

Figure2-33 Induction generator with rectifier output impedance without voltage loop
The impedance plab below shows the output impedance with the outer voltage loop.

Compared with the impedance shown above, the impedance magnitude is attenuated at low

frequerty, andthe phase is pushed to 90 degeg€his is because —, where"Yis the

voltage loop opettoop gain. And'Y can be approximated as an integrator in low frequency.
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Figure2-34 Induction generator with rectifier output impedance with voltage loop

2.3 Modeling and Control Design of Permanent Magnet Synchronous

Machine

2.3.1 Generator Mode
2.3.1.1 Operating principles and modeling of permanent magnet synchronous generator

The structure of a ongole pair permanent magnet synchronous machine (PMSM) is shown in
the figure below. Unlike an induction machine, the magnetic field of a PMSM is built up by the
magnetic rotor. When the rotor rotates, the magnetic field rotates with the rotor so thatahere is
speed difference between the stator windings and magnetic field, resulting in an electromagnetic
force (EMF) in the stator windings. In generator mode, when the stator windings connect to a load,
there will be ac current flowing from the stator to thedoSo the output voltage of the generator
is equal to the EMF minus the voltage drop on the stator winding resistance, as described in the
following equation, whereuicis the stator winding currentay is the stator output voltagea ®

the winding esistance, and is the winding flux linkage ithe ABC frame.
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b-axis Rotor field
(d-axis)

Figure2-35 Simplified diagram of a orgole pair PMSM
v R, 0 0][-4 4

wl=| 0 B 0] +% o, (233
v, 0 0 R,||-3, c

After applying Parkbdés transformati agaheDQo t he
frame can be derived, as shown below. The d axis is aligned with the rotating magnetic field, and
theq axis i s aligned with the motor torque dire
frame to DQ frame. is the statdscurrent frequencyy anduw are the flux linkage ithe DQ

frame.

T '6g=-R,T ‘ig,+ % (T7'%,,)
— o e d 1.7
vdq—fRaqu+T%(T @)
v 7 4 0 -w,||¥
ol L] 5
v, i v, w, 0 v,
) d
vdszald+E!pd7wsg/q

. d
v, =~ R,i,+ Ekl?q +w, ¥,

The flux linkage is also a function of the current, as shown below, whesethe voltage

constant.

Wy=-Lyig+ A
W, =-L,,

(239

33



As such, the power stage of the generator can also be written as,

, dig ,
vy=-Ryi;— LSE +w, Ly,

(2-36)

_R Lqu
Ya = " Male ™ S g

q atq ™

- wsLsid + wsAe

The equivalent circuit of the PM generatothie DQframe is,

w, Lty

Figure2-36 PMSM model ibQframe

The electromagnetic torque can be calculated using the voltage constaribaadon-salient

machine becauseudis equal to ks P is the number of pole pawf the machine. Noted here that

because a power n v a r i a nrisforiation ks @ised, the caefficient4sIf a vectorinvariant

Parkodés transformation is—used, t hen t

he

P . . P . . P ..
T = 5 (Wi, — ¥, 1) = 5 Aty + (Lgy — L) i,14) = ?)\e iy (2-37)

coef f

The motion of the generator is model asechanical input. It can be a mechanical torque input

or speed input. If the input is a constant mechanical torque, the rotor speed can be derived as the

following equation, where J is the rotor inertia, and F is the rotor friction coefficient.

L@, ~1)=7,% + pu, (239)

dt

2.3.1.2 Generator with converter
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The figure below shows the power stage of a case when the output of the generator feeds into

a threephase tweevel rectifier and transfer power to a dad.

> idc

PM Generator
) 3 s
i +
h .y L0,

U — > .
b Up Coe == Rdc§ Vie

Yo ——» U,

J{j J\3 o

Figure2-37 PMSG with inverter and dc load

With the DQ model of the tweevel converter analyzed in section 1.1 dnelgeneratoDQ
model in 1.3.1, the overall model of the generagutifier can be derived as the figure and

equations below.

generator rectifier

dqvge

dyiy ¥ dqz;,<T o ==Rd%vdc

dq Vge

Figure2-38 Average model of PMSM with rectifier in DQ frame
dyvs = (R, + sL,)iy + w,L,i,

d,vs. = — (R, + sL,) i, — w,Lig + w, A, (2-39)
) . dve. | Vg
dyiq +d,i, = Cy. d; +R—ddc

By linearizing the average model at a certain operating point, the-signadil model of the
system can be obtained. For example, for tegian d
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ddid :(Dd + (id) (Id + id): Ddid + dd-[d + DdId +aAleA'd (2_40)

The smaHsignal model of the whole circuit model is,

czd Vdu

w, Ly,

Data NG, L /N LG, I, o—=—n 2;
— de de

w, L1, Dy,

LI, “Y D

Figure2-39 Smallsignal model of PMSM with rectifier in DQ frame

o LI, + w, Ly = Dby, +d,V, + R, +Ls%

DA — 0L fwsLsiq:Dqﬁdc+&quC+Raiq+Ls% (2-42)
. ) . . dbs | D

dgly+d,1,+ Dyig+ D,i, = Cy, dtd +ﬁ

This system utilizes a dual loop vector control strategy, which is composed of an outer voltage
loop andaninner current loop, as shown in the figure below. Since the d axis is aligned with the
rotating magnetic field, the reactive power is controlledufghthed axis current. For unity power
factor control where reactive power is zekoisicontrolled to be zero through settingrito be
zero. The g axis is aligned with the motor torque, so the active power can be controlled by
controlling k. With acertain load, the dc bus voltage represents the active power, so the reference
value of § can be given by controlling dc bus voltage to be an intended value. The angle for
performing ABC/dg0 transformation in vector control is obtained usamgencoder.Since for
synchronous genera®rthe rotor speed is the same as stator electrical speed, therefore, the

electrical angle can be obtained through the rotor position.
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Figure2-40 Vector control scheme of PMSM with rectifier
The current controller is mainly composed of a Pl controller and decoupling terms thdoth

d axis and g axis. There are two ways to design the PI controller. One way is to derive the
bandwidth of the currembop. The current controller can be written as,

dd - - kp;;_ kl (/I:dref - /I’d) + wvbzq
de de ( 2_42)
__ksthi Ly whis | wA
dq - SVdc (quf Zq) Vdc + Vdc

When designing the current controller, the dc voltage vdc can be assumed as constant, because
the current loop is mudaster than the voltage loop. Usualishen the current loop bandwidth is
more than 10 times the voltage controller bandwidth, anessumption can be made. Combining

the equations above with the powe-oopdansfege equ
function.

k,s+k 1
) g s Ry +sL, W,
Ty = —4 =2 = at8% (2-43)
- ? ref Zdref kl’s+ki 1 S + We
! 1+ s R, +sL,
k,=L,w,
(2-44)
k,i=R,w.
Wherg the designed current loop bandwidth. From the power stage,
dyig+dgi,=C d”‘“+“d0:<sc +i>v (2-49)
d bd qYq de dt Rd({ de Rdc de
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Considering the current loop is much faster, when the voltage loop is working, the otifygut of
current controller has already reached its corresponding ss¢aigy meaning thathas reaching
zero and Qcan be used fdpQ here.

Dﬂq<sO@% 1>v@ (2-46)
Rdc

With the estimated closddop current loop gain, an approximation of the voltage loop can also
be made. The closddop voltage loop is shown in the block diagram below. Tlesedloop

voltage loop is,

T o Vie ~ Wei kpvs + kiv Dq — kPU Dt] Wei 1 5 + kl’v 1 ( 2'47)
v * ~ —
V5%~ Vs St Ws 8 Rl +sC C stws s 3+011%
de dc
,Udcref @ kpvs+kiv quef T o #’ Ldc - 1 e
S - - T
— Rac
Vge

Figure2-41 Voltage loop design

Where k and kv can be designed so that- = !

b= Ry so that

7= Ve knDews 1 (2-48)
v¥, — v sC s+ w,

And kov can be adjusted to achieve certain bandwidth by plotting the bode plot of T

The other way for current loop or voltage loop Pl controller tuning is to utilize the Simulink

PID tuning tool, which has been illustrated?i2

Noted that because the expiess for voltage loop and current loop gain above are an
estimation for design purpose, the accurate current loop gain needs to derive through the small
signal model. The smadlignal model of the closddop system is shown below. The blocks in
pink repreent the opetoop transfer functions from the input signals to the state variables,
respectively. The blocks in orange represent the voltage controller and current canijolery
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¢ €y are the current decoupling terms and frequency decoupling termé;,ajsl the

control delay approximation.

—®-
-

Gi Gdei
id T 4
Gdel Jr
> Giw + X iL il Gci
%*i
L ref

ch
Jr
Gdew - ‘bs > va F ,ﬁdc_:
+
’lA}du =0

Figure2-42 Smalisignal model of closelbop PMSM with rectiér

0 O (JJX;LS I‘(;Ls
. _ de — dc
ch - kp'v 5:‘ kiv ) Gdez B wsLS O ) Gdew !pf _ IdLs
Vdc Vdc
(2-49)
_ kp5+ki 0 1_80-5Tdel 0
G _ SVdc G o 1 + 80. 5Tdel
ci — 0 B kpS + kz ’ del — 0 1—s0. 5Tdel
SV 1+ 50.5Ts

From the control diagram above, the accurate expression oflepgrcurrent loop gain, and

openloop voltage loop gain can be derived.

1y,

T= i* —ip =(1—G14GuarGaei) ' GiaGaaGes (2-50)
‘Ardc B )
L= w, vy~ a1 Gaa(Gas — Gu)Gia) " CaaCuiCer (2:51)

With 1.5kHz current loop bandwidth and 10 Hz voltage loop bandwidth, the current loop and
voltage operoop gain bode plot are shown below.
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2.3.2 Motor Mode - PMSM
2.3.2.1 Operatirg Principles and Modeling of PMSM

Compared with the generator mode, a permanent magnet synchronous machine working at
motor mode has thrgghase voltage provided at the stator winding side. The motion of the motor
is obtained from the electrical torque, &i®wn in the equation below, where is the rotor
mechanical speed, P is the number of polads ihe rotor inertia, and B is the rotor friction

coefficient.

dw

T.— Ty =J, =2 + Bun,
(2-52)
Wy — Ew
e = o Wie

The power stage of the PMSMtime ABCframe can be written as the equation below, where
VanciS the terminal voltage of the stator windinggare the stator winding currentpds the back
emf,]  are the flux linkage. Part of the input voltage drops on the stator winding resistance and

mostly applies to the stator winding inductance to provide back emf.
ea

+1| €
e()

Applying Parko6s transf or D@amodebaoan be obtaindd.eTheedg u a t i

R, 0 0
v |=| 0 R, 0
0 0 R

2
ib
e

a

(2-53)

axis is aligned with the magnetic flux, atid q axis is aligned with the torque.

Vg — Rsid + %)\d - ws)\q
(2-54)

v, = R,i, + %)\q + w, A

The flux linkage_ can also be written as

)\d - Lsid + )\m
A, = Lyi,

(2-59)
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Therefore, the motor model the DQframe is,

vg= (R, +sL,) i, — w,L,i,
v, = (R, + 8L,)i, + w,Lyig + w\,

(2-56)

whergl is the stator winding current frequencgy, is the voltage constant. The electrical

torgue can be calculated as below. For-salient machine, ds=Lgs.

P . . P . . P .
T.= ? (Wd tq — gjq Zd) = E ()‘e 2 + (Lds - qu) qud) = §>‘€ 24 ( 2-57)

The motor circuit model ithe DQframe is shown below.

Figure2-45 PMSM model ilbQframe
2.3.2.2 Motor with Converter

The power stage @heVSI-PMSM switching model is shown below.

2 Z‘alc

Figure2-46 Configuration of PM motor with VSI
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According to the converter average model analysis in section 1.1 and motor madT in

frame in section 1.3, the average modeABC frame of the subsystem above is,

VSI PMSM
L,

daig/\ Ayt N\ dete
Vdc —

|
Q
L=
1
é

Figure2-47 Average model of PM motor with VSIABCframe
By connecting th®Q model of the VSI and motor, the subsyste@ model can be obtained.

Ve — == d.id|)d, 7.

sLs %4

2 J,s+B

Figure2-48 VSimotor average model iDQframe
dd Vie = (Ra + SL.S) Zd — Ws Ls iq
dq Vie = (Ra + SLS) iq + Ws Ls i(l + Wy )\m ( 2'58)

ddid + dqiq + Cdc % - idc
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By linearizing the average model at a certain operating point and subtracting theidaaje

terms, thesmalktsignal model of the system can be derived,

Vdc

2 J,s+B

Figure2-49 VSimotor smalisignal model ilDQframe
This VSFPMSM system utilizes a duddop vector control scheme. The outer loop is the speed
control, andheinner loop is the current controller. The current controller is shown below. In both
thed and g axis, there is a Pl controller and decouplinggef both the current and speed.

iQTEf <+_j\ k,s+k ;+ \ YU V%( > dq

Figure2-50 Current loop of VSPMSM

4V, = kpsj R oo — i) + w oy + Wiy

(2-59)

k,s+k,
s

dd Vdc - (idref - Zd) - WLs Z‘q
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Combining theequations above and the power stage equations, the -tbogedransfer

functions can be derived.

k,s+k 1
iq 'I:d o S RS + SLS o W, ( 2_60)
; T kys+k 1 s+
? ref Zdref p L $ We
! 1+ s R,+sL,
So k and k can be defined as below to designing the bandwidth.as w
k, = L,w.
P W (2-61)
ki - stc
The speed control loop is shown below.
Wrey! i Wre (\ Bys bk, | e~ | P T. & P1 | w
> kst ki U 5 T g U 2 J.s
pre — compensator Wy Pl w,

Figure2-51 Speed loop of VRIMSM
Considering the currentdg is much faster than the speed loop 43$® approximate asgysin
the speed loop analysis. From the loop diagram above, the speed lodpaypand closedbop
transfer functions before adding thejom@mpensator is,

w k,s+k, P 1

— r — _P L. P

Gor = Wyef — Wy N S Kr 2 J,s
(2-62)

G o Gol o P kps+ki

cl —Aro5 e
1+G,, 2 7.2+ Ky D (kys+ky)
After adding the preompensator, the closéaop transfer function is,
Gr=G,—ti g P ki - w; (2-63)
o Tl k,s+k T2 Jos® + Ky b (kys+ k) 50+ 20w,s+w]

So, k and k can be selected as,
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2J

kp=ws2CK n]";

r (2-64)
b= w2 2J,,
i_ws KTP

The damping coefficieritcan be selected as 0.707 for a vakigned secordrder system.
The alternative to tunepland k is to use the Simulink PID tuner to obtain a certain speed loop

bandwidth and phase margin as introduced in the previous section.

For boththespeed contiter and current controlleglimiter is expected to be included to avoid
overcurrent issues. To avoid whog after the limiter hits upper and lower limits, an-antdup
scheme is added. For example, the pink blocks are thevienahip parts for the ged controller

part. Similar designs are also applied in the current controller.

Y
-
=l
2.
+
@
=

A i

wref kl qref
> ks 1k —’& —r >

k.
pre — compensator T Wr =
s

Ko s ~————— |

anti — windup

Figure2-52 Speed controller wittan anti-windup scheme
k2 4
Given thatk, > R,,k; < -—"=—, kaw can be designed a,, = k—’

(1+v2)L, c

The smalisignal model of the closddop system is shown below. divand T are defined as
input signals.iand are defined as state variables. The blocks in pipkesent the opeloop
transfer functions from the input signals to the state variables, respectively. These transfer
functions are derived from the power stage ssigihal models. The blocks in orange represent
the speed controller and current contradlef € - . £ -+ €+ are the current decoupling terms

and frequency decoupling terms, ang-is thecontrol delay approximation.
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Vde

T,

Figure2-53 Smalisignal model of VSIMSM

G i
> Gig i
+ A
> Y, X i, —>
=T
> GiT Gcw _>i1177'efC
> Goa é()ﬂL Gy =0
+ A
- wau X &}s W Gdew
g
> Gor
> Gy
%’
> Y X i
> Grig

From the smaikignal model above, the input dc impedance of theRI8EM subsystem can

be derived.

Z . Vie
in_ PLL Cu Sp — 4
Ydc

Gdﬁl ((Gdew - Gai Gcw) Gwv + (Gdci - Gcz) YL)

= (Ym + Gddc

1 - Gdel ((Gdew - Gwﬁ Gcw) Gwd + (GdeL - G(:i) sz)

!

With P =102kW,V,. =800V, w, =3200rpm, f,, = 20kHz, C; =2.5mF,R,. =0.1mf

(269

, the input

impedance is shown in the figure below. At low frequency, the impedance magnitude is equal to

20log(—), and phase is around80 degreg This is because of the functions thie speed

controller at lowfrequency, which controlling the V&MSM to be a constant power load. At

high frequency, the magnitude has a negative slope, and the phase conv@@ele¢pes This

is becauseat high frequency, the converter appears to be a capacitor becausanguiuthdc

capacitor. The magnitude of the impedance is around 281e(
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2.4 Modeling and Control Design of Constant Power Load

241

Phase (deg)

Magnitude (dB)

N \ Linear Analysis
- \ Caleulation

Frequency (Hz)

Figure2-54 Input impedance of closelbop VSIPMSM system

Power stagedesign

A generic dedc converter model is used in the designing of the housekeeping load and battery

converter. In a housekeeping load application, the power flows from the dc bus side to the load

side. Since the voltage is converted from a higher voltagev e |

considered a buck converter. The switching model is shown below.
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Figure2-55 Switching model of a ddc converter for housekeeping load applion

In a power stage design, the dc bus voltage, load working voltage, and load power are usually
known. The rated duty cycle can be calculated as,
0 w— (2-66)
w
The buckinductor can be designed by specifying the current ripples, for example, 20% of rated
current,

5 (@] w ‘(o (2-67)
¢ MIYQ

The load side capacitor can be designedpgmscifying the voltage ripples, for example, 5% of
the rated voltage,
5 (o (2-68)
yQu hw
The dc side capacitor can be designed by specifying the dc bus voltage ripples, for example,

0.1% of the rated voltage,

p O © (2-69)
QT ho
In a battery converter application, the power flows from the battery side to the dc bus side.
Since the voltage is convedte f r om a | ower |l evel to a higher
converter.
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Figure2-56 Switching model of a ddc converter for battery application

The design ofheboost inductor current, battery side capacaod dc bus capacitaresimilar
to the process when designing a buck converter.

The switching network in a édc converter can be modeled as a shpglldoublethrow
switch, as shown below. In one switching cycle T, the switch connects to terminal 1 in D*T of
time and connects to terminal 0 in@)*T of time. When the switch connescto terminal 1Qis
equal toQandu is equal tab . While, when the switch connects to terminaklls equal to 0

andu is equal to 0.

Z’ .
f'Y'Y'Y\L /CL

+ 1

0
Vin @) Chn— Vi Cop == G)Vdc

Figure2-57 Switching mdel of dedc converter

Therefore, the average model of the switching part can be written as,

(2-70)



The average model of the whole circuit is shown below. The two equations abobe can
interpreted using two control sources, a controlled voltage source in the low voltage side circuit,

and a controlled current source in the high voltage side circuit.

/Uin G) —— Cin Cd,;__ G)Vdc
— Dvge Di —

Figure2-58 Average model of a ddc converter

2.4.2 Control Design
2.4.2.1 Housekeeping load

When the dalc converter is used in the housekeeping load application, the load side voltage is
expected to be constant. Therefore, a voltage loop is needed in the desiyal as shown below.
A constant voltage reference is given. And the output of the voltage controller is the current
reference for the inner current loop. Both voltage controller and current controller utilizes the Pl
controllers. The control and sampirdelay can be modeled using a first or seewmikr

approximation.

Voltage control Current control
Vioad ﬂ\
— ko5 +k — ks + ks D
v PV iV | D i
" + o Z.dref U & Gdel

Figure2-59 Control scheme of a housekeeping load

As in the thregohase converter design, there are ways to tune the PI controller.

The first way is to derive the closémbp loop gain transfer function, and by manipulating the
Pl parameters to get a certain bandwidth and phase margin.
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The second method is by usitige Simulink PID tuner tool. The opdoop transfer functions
should be derived and imported into the PID tuner block. After the desired bandwidth and phase
margin are set, Simulink would give proper values for betmkl k.

2.4.2.2 Battery Converter

a. Constant power source mode

The output voltagefa battery is usually regulated by the inner control, therefore, the battery
here is modeled as a constant voltage source. When the battery works as a constant power source
mode, only a current loop is needed to provide certain power to the dc busriEm @ference

is calculated by,

o O (271)
: 0

The current control loop is shown below. The output of the current controller gives the reference
value for the duty cycle. Antthrough a modulation scheme, the gate signal can be generated.

Current control

— : D
k,s+k; Gus

Figure2-60 Control scheme of a battery converter

b. Regulating dc bus mode

In some scenarios, the battery convergeresponsible for regulating the dc bus voltage.
Therefore, like in the housekeeping load application, additional voltage control is needed. The
main difference from the housekeeping load application is that here the output dc bus voltage

instead of thévattery side voltage is controlled.
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Voltage control Current control
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Figure2-61 Control scheme of a battery converter with dc bus voltage regulation

2.5 Filter Design

EMI issues appear in most power electrofbased systembecause of the higliequency
switching noises. There are two kinds of EMI noise, commode (CM) noisgand difierential
mode (DM) noise. Here it is assumed that there is no large capacitive coupling between the
converter and ground, so the CM noises are not considered. EMI filter is an effective way in the
design to meet EMC regulation. It either blocks the EMkaan the path or divexit to another
path and redusethe measurement level frothet e s t setup. ltés placed

connector or cable which passes through the shield and connects to the outside source or load.

For any given circuit, the degm of the EMI filter (either CM or DM) follows the same
procedure. The switching circuit which produces Higdguency noises is modeled simply as a
noise source N with an internal impedancenZFor all the load components connected to the dc
bus, the d bus voltage is modeled as a constant voltage source. A filter will be placed between the

noise source and the dc bus to avoid EMI pollution from the converter to the dc bus voltage.

Un

¥ .
DC Source C) Filter

Figure2-62 Modeling ofa noise source
There are four major types of filters that separate noise by frequenegaksafilter, higkpass
filter, bandpass filter, and bandlimination filter. Lowpass filters are often used as the EMI

suppression ltier. Low-pass filters are constructed by inductor and capaéitornductor is used
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in series with power lines to block noise amdapacitor is used asshunt to bypass the noise.
There are different kinds of filter structures, for example, single C filter, LC filter, and LCL filter.
A single-stage filter provides20dB/dec noise attenuation, a tstage filter provides40dB/dec
attenuation, and a thretage filter provides60dB/dec attenuation. A commonly used kinthis

LC filter. Here a LC filter design example will be given.

c L LC CL Pi T
T T 1T I
o, O O O o, O [e; O [e; O o, O
(a) Single — stage (b) Two — stage (c) Three — stage

Figure2-63 Different types of EMI filter
In some standards, a specific LISN will be given to measure the bare noise. A type of LISN is
given below. The main function of the LISN is to block the noise entering the input path and divert

the highfrequency noise to the terminators so that the measesatls can more accurately reflect
actual noise generated by the noise source.

Ce Noise Source
2icy
D, D, Ls R
Ldl
D
= B R +
C L
=" = v,
- Ce _
D,
Ipw+icm
Vv, |

- 9002 Terminations/spectrum analyzer
50Q !

Figure2-64 EMI measurement with LISN
The EMI filter design is referred tasthe DO160E standard for the load subsystend the

LISN is ignored because no specific LISN parameters are given in the DO160E. To design an EMI

54



filter, the first step is to measure the barendiséé s o bt ai ned using si

mu |

for the dedc converter, as shown below, the bangent noise can be measured at the dc side.

Ll o
® = — T
- L s

Figure2-65DC bus current noise measurement in simulation
The second step is to apply FFT to the bare noise to obtain thespeiteum. And then the

required noise attenuation level can be calculated using,

Mag(Attenuation=Mag(bare noisex, Mag(Standard) Mag(margin) (272

where margin can be selected as 6dB. Given that an LGwstus chosen, a 40dB/Dexteline
can be drawn to obtain the required cutoff frequenepnJ for the filter, ashown in Fig. 265.

DM Attenuation

A

40 dB/dec

Frequency

Figure2-66 Noise attenuation with 40dB/dec gain

at

Then a certain capacitance can be chosen first, and the corresponding inductance value can be

calculated using,

P (2-73
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Last but not least, insert the designedfili€r between the noise source and the dc bus to obtain
the noise spectrum again and check if the noise spectrum satisfies the standard requirement, if not,
reduce the cutoff frequency and repeat the steps above.

The noise spectrum without filter, DO168Endard curveand noise spectrum with filter are
shown in blue, redand yellow respectively in the plot below. It can be observed that the noise
peak is thenultiple of the switching frequency 20kHz. After adding the filter, the noise spectrum
is belowthe standard curve.

200 T T T

X 200000
Y 150

150 -

X 160000
Y 133.4

IR
A10E [
Iff"

50 ,H}vaui'l‘ "'y ;

Mag(dBuA)

-50 -

L " P L L

-100 : . :
150k 300k 500k ™ M 5M

Frequency(Hz)

Figure2-67 Noise spectrum with and without DM filter; DO160E standard curve

2.6 Simplified AGTF30 Model

The turbofan model used in the STARBL system modeling originates from the AGTF30
model developed by NASA in Simulink. To simplify the analysis while not losing the accuracy in
the system modeling, the dynamics response of the AGTF30 model is analgzetbdeled
mat hematically. The following figure shows th
parts, the speed controller, the actuatbe engine modeled as a delay, fan load, and one

representing the relationship between the torque and speedpeed reference is 6100rpm. The
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speed controller is tuned to have a similar dyndaiioe original AGTF30 model. The parameters

in the actuator, engine delagnd shaft with fan load part are referrednt¢the original model.

Speed Reference  Speed Controller Acuator Engine delay T, Shaft and Fan Load

- Gain 1 N 60>
Wres T, T+T,s | F o] 0 Ws
XY X
4@ O

@ | =

@ | =

Figure2-68 Simplified AGTF30 configuration
The following two figures show the speed transient responsdazd torque step obtained
from the original AGTF30 model and the simplified version of the model. The first one is with
100 to 1000 Ibtorque stepand the second one is witl®00 to 100 |b torque stepThe results
show that the speed response of load torque in the simplified AGTF30 modeldtogerto that
of the original AGTF30 model. Therefore, the simplified AGTHB0del is used in the system

analysis in the following chapter.

T T T T T T
6140 |- TMATS |
Simplified Model
6120 - -
6100
6080 - b
S D e e 6060 - B
6040 - _
6020 1 1 1 1 1 1 1 1 1
8 9 10 11 12 13 14 156 16
04F T T T T T T ]
|
0.2 b
0 A
Per c e |
-04 -
-06 |
1 1 | 1 | 1 | | |
8 9 10 11 12 13 14 15 16

Figure2-69 Speed response df00Ibs to 1klbsoad torque step for the original AGTF30 model andstineplified
model
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05 b
I I I ! ! ! ! ! I I
8 9 10 11 12 13 14 15 16 17 t

Figure2-70 Speed response of 1klbs to 100Ibs load torque step for the original AGTF30 model and the simplified
model

2.7 Impedance Shaping

2.7.1 Source Impedance
This part mainly analyzes the impedance shaping of the conbaded power source designed
to regulate the busoltage. In the STAR@GBL system, either the generator or the battery

converter can be designed to regulate the dc bus.

The following figure shows the output impedance of the battery converter. The red curves show

the case with only the current loop and Ihée curve shows the case with the voltage loop.

If the converter is only designed with a current loop, in theflequency range, it appears to

be a constant power source and the impedance gain is egualdad the impedance phase is

equal to 0 In the midfrequency to higkHirequency range, the converter impedance is mainly
shaped by the input filter. In the micequency, a resonant point can be observed. In the high
frequency range, the impedance phase is closedetar@he gain is aroungl L because of the

filter inductor characteristic.
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If the battery converter is designed to regulate the dc bus voltage, the output impedance can be

calculated using,

Lo O 2-74
o 2o (274

whered is the converter impedance with only the current loop aigthe voltage loop open

loop gain. At low frequencyY - so the gain of is attenuated compared with, while the

phase i s pushed up to 90reFig.2fIhi s i s shown in

As is shown in Fig. 22, with higher voltage loop bandwidtheaningyY has larger gain in low
frequency, the gain @b is smaller, which is beneficial to the system stability, because the source

impedance will bdess likely to havanintersection with the load impedance.

Fra%m: Out2 To: BiDireciionaIDCDCAvgDisoharge‘lziMatIabRZO1Ba/Out1
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Figure2-71 Battery converter impedance with voltage loop and with only current loop
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Figure2-72 Battery converter impedance withdifferent voltage loop bandwidth

For the generaterectifier impedance, the main difference compared with a battery converter
impedance includes the gain at low frequency because of different powsalevdelifferem high
frequency characteriss®ecause othe different output filter. The first figure below shows the
case when the generat@ctifier only hascurrent loop. The gain at low frequency is around 0dB,
which is much smaller than the 20dB in the battmrgverter impedance because the generator
rectifier power is much higher than the battery converter. The impedance gain at high frequency
has a negative slope and the phase is close2D¢o. Thi s 1 s be-redifiesdeest he g
not have a DM filer at the output but only a capacitor. After adding the voltage loop, the
i mpedance gain at | ow frequency90¢ s attenuated
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Output Impedance with Current Loop
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2.7.2 Motor Impedance

There are mainly two factors that impact the motor impedance, the speed contrahtbtpe

output filter. The motor can be modeled as a constant power load. Therefore,-freglaency

impedance hasggainof around— and phase around802 The impedance ithehigh-frequency

Figure2-73 Generator output impedance
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range is mainly shaped by the output filter, as analyzed in the previous section. The control loop

mainly impacts the impedance in the rfiidquency range.

Fig. 274 show the mtor impedance witla different speed control loop. It can be seen that the

speed | oop

loop bandwidth, the impedance phase is higher, therefore, the phase difference thetviessoh

bandwi

dt h doesnot

have

mu c h

mp act

impedance and source impedance will be slightly smaller, which is beneficial to the system

stability. But again, the impact is not significant.

Fig. 275 show the motor impedance with different filter parameters.
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Figure2-74 PMSM with motor drive input impedance wigdifferent speed loop bandwidth
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Figure2-75 PMSM with motor drive input impedance with different filter parameters
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The first figure mainly shows that by increasing the filter inductance while keeping the cutoff
frequency, the gain of the motor impedance increases in thigdgwency range, so tifieequency
point where the motor impedance may hawentersection with the source impedance will be
higher, and the phase difference will be smaller, thus increasing the stability margin. The second
figure shows that by increasing the filter dampingoatie motor impedance hatarger phase in
low frequencytherefore, the phase difference between the load impedance and source impedance

will be slightly smaller, which is beneficial to the system stability.

In summary, within a proper range, a loweeesg loop bandwidth, a higher filter inductor, and

a higher filter damping ratio are all beneficial to the system stability.

2.7.3
The housekeeping load is modeled using a conventiondt donverter. Its impedance is

Housekeeping load impedance

mainly impactedby the filter design, while the control parameter does not hasignificant
impact. The following two figures show the load impedance with different filter dedigth a
larger inductor, the impedance plot is shifted upwards, and the gain startseaseeat a larger
frequency.With a larger damping ratio, the phase chamgesmoother at the resonant point,

which reduces the phase difference between the source and load.
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Figure2-76 Housekeeping kad impedance with different filteparameters
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Chapter 3

SystemStability Analysis accounting for
Electromechanical Dynamics

This chapter aims to provide a thorough analysis of the sigalal stability of the aircraft
electrical power systems accounting for el@ctechanical dynamics. There are many different
techniques for stability analysis, such as eigenvalues analysis based on the sysispactate
model, the loop gain, arttleimpedancebased method. Using timpedancebased method, the
system being studiezhn be treated like a blatko x , meaning that itds
system parameters. Equipment like impedameasurementinit (IMU) can be used to measure

the smalsignal impedance of the system and Nyquist can be used to assess the apdigm st

3.1 Stability Analysis with Permanent Magnet Synchronous Generator

1KV DC

Ea Load Subsystem

ANPC

— DM AC
filter DC

v A

Speed control

Source Subsystem AC current loop|

AFE

o AC
Prime 0 DM DC Bidirectional
mover DC filter DC Battery

DC voltage control Current control

AC current loop|

[ 1

DM DC Housekeeping

filter DC Load

— V4

Load voltage control

Current control

Figure3-1 STAR@BL system configuiian understudy
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The configuration of the STARBBL is shown above. In the impedance analysis, the

generatorrectifier is considered as the source subsystem, and the-imagoter, housekeeping

load, and battery converter are grouped as the load subsystem. To stottythey nami ¢ s 6 i mp .

on the distribution

the source output impedance for a given load condition sing®tibiedynamics couple with the

electrical system through the generator.

syst emobs rootdaylmialmi tcys,0

iitmpaa

A general aerospace electreechanical system schematic is shown below. The mechanical

dynamics include the gas turbine and mechanical drivetrain dynamics. However, in thithe/ork

mechanical drivetrain dynamics are ignored due to the lack of resoliteeowly the prime mover

speed controller dynamias considered. Analysis including the mechanical drivetrain dynamics

can be done in future work. The prime mover model used in this work is the simplified AGTF30

model, as derived i@.6. Both the synchrmus generator model and inductigeneratommodel

are analyzed.

Gas turbine Mechanical

drivetrain

Generator

Source — load Interface

Electrical system

Control

N\

C)==lam

Variable speed

Inertia, stiffness, damping

prime mover

Figure3-2 Aero electremechanical system schematic
The derivation ofthe source subsystem impedance model is shown in Chaptéere the

analysis is divided into two parts, one is with the generator in-tlmmgncondition, followed by

Electro —mech
interface

the analysis considerine closedloop condition.
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3.1.1 Openloop condition

For rectifier operloop conditionjt is assumed that the duty cycleathddq are given manually,
no current loop or voltage loop is added, and the encoder dyrnamaneglected. The prime mover
model remains the same. A transfer function flowchart version of the turgaf@natorrectifier
smaltsignal model is shown belovithe power stage transfer functions are shown in orange
blocks, with the input signals duty cy¢ldn d and g axis, stator electrical frequency and load

side perturbed currentyand state variable#jeinductor currentHin d and q axis, DC voltage
0 , and electromagnetic torque. £ , ¢ ,&¢ ,€ ,& ,’H, and¢ are the opetoop

transfer functionse is derived from the smaflignal model of the turbofan shaft and its control

in 2.6. From this flowchartthe smallsignal impedance can be derived.

GiTe —> Gid
T +
) > G, - 1
Te P — +
G,
Gor ] >
\“‘: d GVd
+
Ws va + Vge
h— +
~ 'A‘
’io - o

Figure3-3 Openloop smalsignal model in transfer function flowchart format
The output impedance without considering shaft dynamics is simply by fagirg0, so
Vdc

Zwo_mech - = = Zo (3'1)
io

If considering the shaft dynamics, the impedance can be derived as,
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Zwith_mech — ‘{:dc - Zo + va . GiTerTe -inv (I - Giw . GiTerTe) - Gii (3_2)
Io

€ andg¢ can be combined to be a new matrix . So,

GTe = GiTe Gw Te ( 3_3)
Zwith_mech = Zo + Gv(,u : GTe -inv (I - Giw . GTe) . G,',' (3-4)

ComparingZmn mecn and z the difference mainly lies ia ,¢ ,€¢ , andé¢

wo_mech

Thereforejt is necessary tmvestigatedetail of these few transfer functions.

‘O is defined as—, which reflects the speed perturba

There are three poles and one zer®@in. The frequency showed below is based od.GnF.

R, 1
Zeros: z; =-15Hz = - 17 I+ — 5
s 1+ f7q
I,D L,
R,
Poles: py=-25.8(4.1Ha)~ ————5 5~ (3-5)
L +C°J57LS
s Dd2+Dq2
D+ D}
py=-81.4 4 j4496.2 (wn715Hz~\/w82+ dC’Lq)

‘O is shown inthe figure belowwith different output capacitor valaeWhen the rectifier
output capacitor is 5 mF, the gain below 100Hz is aro®@diB, indicating that the speed
perturbation has a small impact on the B voltage. A larger output capacitor reduttes

impact.
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Figure3-4 "O bode plot with different rectifier dc side capacitance

¢ is defined asEU, which reflects the inductarurrend sesponse to the speed perturbation.

There are three poles and two zerddn. The frequency showed below is based on C=1.5mF.

4p 1 (9,0, —I.D L
wagi\/@fws)2+ q q( féi 7°q s)
Giwd Zeros: z =
21, L,
29 = — 2659 (423Hz)
aw,L.D,(¥,D,~1,D,L,)
Iquwsi\/(Iquws)2 ! fAd i

Giwq Zeros: z=
20, L, (3-6)

2, =233.8(5Hz)

29 = 5632 (896 Hz)

R,

Cw 2L 2

LS+ 23 S 3
DS+D,

Poles: py=-25.8(4.1Hz)~

S

D2+D?2
py=—81.4 4 j4496.2 (wn715HzA~,\/wsz+dCzq)

68



The gain at low frequency the DQ frame are14dB and-10dB, respectively, as shownthme
figure below This indicates that the speed perturbation has a small impact on the inductor current.
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Figure3-5"0 bode plot with different rectifier dc side capacitance

€ isdefinedas,a]g_gé reflects the output current

There are three poles atwdo zero iné . The frequency showed belowhased on C=1.5mF.

pertur

L.D,+R,D,
Giid Zeros: 2 = - 2659 (423Hz) = - ——+~a " Tad
Lst
. wL,D;— R, D,
Giiq Zeros: z; =5633(896Hz) = ————+2
L,D,
R _
Poles:py =-25.8(4.1Hz) ~ s (3-7)
Cw L
L + S S

s 2 2
D +D,

[ D>+ D,?
Py =—81.4 % j4496.2 (wn715Hz% w2+ dC’Lq)

The gain aavery low frequency is around 30dB. The zero is located at high frequency. With
alarger DC capacitor, the gain in all frequency range is reduced. This shows that the inductor

current has a moderate respots¢he load current perturbation, bitiis atteruated by the DC
capacitor.
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Figure3-6 "O bode plot with different rectifier dc side capacitance

¢ defined as;uis the multiplication oE  and¢ . There are three poles and three zero
in€

Zeros: z1=0

1
2o =-25(3.98Hz) = - T
— _10(1.59Hz) = -
Z3 — . z)— wa
Poles: p,=-25(3.98Hz) ~ — 7} (3-8)
1
po=-10(1.59Hz) ~ -
I‘wf
ps=3.84+ j2.49( w, =4.57rad/s =0.72Hz =~ Gmi;lf”
60

It reflects the turbofan shaft dynamics. Siace is Oonthed axis, only the component &f

atqaxisO  matters. At a very low frequency, the gain©f is around-37dB.
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Figure3-7°0  bode plot
With the analysis for the fouransfer functions, we can see that because these three transfer
functions all have small gaanthe aggregated effect is very small. The magnitude of this additional
term is around 0.31. While the original impedance magnitude is around 18, which mskesréhi
term negligible So the turbine s laadurtableimpact on tice saluwes s n 6 t

impedance in opeloop conditiors.
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Figure3-8 Generatorrectifier operloop output impedance
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3.1.2 Closedloop condition

A transfer function flowchart version of the turbofgeneratoirectifier smalsignal model
after adding the current control and voltage control is shown b&lwmeks in blue represeiie
converter control, including the voltage control@r, inner current controller , decoupling

termse ande , and control delay  in secondorder approximation.

Figure3-9 Closedloop smaklsignal model in transfer function flowchart format

(39)

The closedoop output impedance can be solved as,
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