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Abstract— The More-Electric Aircraft (MEA) has become a dominant trend for next-generation aircraft. The
Electrical Power System (EPS) on-board may take many forms. AC, DC, hybrid, frequency-wild, variable voltage,
together with the possibility of novel connectivity topologies. To address the stability, availability and capability issues
as well as to assess the performance of the power quality and transient behaviour, extensive simulation work is
required to develop the EPS architectures. The paper develops a fast-ssimulation model of active front-end rectifiers
based on the dynamic phasor concept. The mode is suitable for accelerated simulation studies of EPS under normal,
unbalanced and line fault conditions. The performance and effectiveness of the developed model have been
demonstrated by comparison against time-domain models in three-phase and synchronous space-vector
representations. The experimental verification of the dynamic phasor model is also reported. The prime purpose of
the model isfor the simulation studies of MEA power architectures at system level; however it can be directly applied

for simulation study of any other EPS interfacing with active front-end rectifiers.

Index Terms- AC-DC power conversion, Aircraft Power Systems, Converters, Dynamics, M odelling, Rectifiers, Vectors.



I. INTRODUCTION

In recent years there has been significant penetration of power electroniédeatiocal Power Systems (EPS).
Terrestrial EPS’s, particularly at distribution level, promises a multiplicity of Power Electronic ConvgR&C) units
handling renewable interfacing, energy storage and EPS conditioningnilarsscenario pertains for the More Electric
Aircraft (MEA) and other mobile EPSs. In the MEA for example, the electtificaof on-board power will require power
electronic conversion to handle power distribution, flight actuation, largiag and other functions

The use of large numbers of PECs and their associated control systetesl to significant modelling challenges
at the EPS system level due both to system complexity and the wide vainatiore constants. For EPS simulations the
challenge is to balance the simulation speed against the model accuracig. ddpendent on the modelling task. Power
harmonic and Electromagnetic Capacity (EMC) studies, for example, recglirbdmdwidth, switching converter models (of
various complexity) and it is appropriate, and often only possiblénidate a subset of the EPS system. On the other, hand
when assessing EPS-system level effects such as system statiligy, gontrol and management, load dispatching, fault
performance and imbalance, there is little added value in using switohinlgls since the converter switching and

harmonics generally have little influence upon the low frequency sysymianrdcs. For MEA simulations, the different

modelling bandwidths for different tasks are represented in a fourfeyeelling paradigrr [3]-[9]. These are: architectural

modelling (zero-bandwidth - dc and state events); functional modellingliidih to ~30% of the AC frequency. fwith
<5% error); behavioural modelling (bandwidths of 100s of kHz and cayennverter switching); and component models
with no bandwidth limit.

In order to achieve acceptable simulation times for system level BEEIimg, a number of approaches have been

exploited. Average state-space mopels |[B]T|are a standard technique for considering only the fundamentalbetasiour

of PECs. For AC distribution systems, it is also desirable to trangf@&PS AC signals to the baseband frequency where
steady state variables becom€ resulting in very fast computation under steady state conditions. dnamsf) all AC
variables to a synchronous rotating frame, henceforth termedhheodel, is a known and effective techni In
contrast, a model in which three-phase AC variables are the solution variables isrttecediénl an abc model.

One of the disadvantages of tg0 approach is that under faulted and unbalanced conditignso@fponents
appear and the simulation time steps must be drastically reduced to mattamcy; under such conditions the dg0

approach simulates slower than thlec model. An alternative approach that can address this problem is thahamizy

Phasors (DPH]][[10]] The K' order DP is the complex time-varying coefficients of thé-aurier harmonic derived over a

moving time windowed signal. The modelling accuracy and banhbvisdselected by choosing the window length and the



harmonic order. Considering only the significant harmonic compsnére DP model is capable of retaining the dominant
dynamic features of an EPS and is ideally suited for functional widoking EPS modelling. Again, under steady-state
conditions, the DP variable is a complex dc quantity and simulation is tapder steady state imbalanced conditions, the 3
complex DP variables (one per phase) are still dc valued resulting in rttehdomputational performance compared with

thedqO approach.

The DP method has been applied to the modelling of terrestrial EPS including unbatagaeds [10f-[12] A

comparative study of a simple EPS with line faults, carried out iaieedq0 andDP domairs, is given in} [13] where the

efficiency of the DP approach is demonstrated. The DP method has atsapipéied to synchronous and induction machines

[14]]{[15]{and Doubly-Fed Induction Generators (DHIG) |16]. Flexible AC Tmassion System (FACTS) devides [17]

[18]{ including active filters [19] and STATCOM s [4[JR1](have also been reported| In [R23]] a DP model for thyristor-

based HVDC transmission systems is reported, although only balanced coraliasmnsidered. [n [2¢] the DP model of

Voltage-Source Convertebased (VSC) HVDC is reported; here authors approximate the converter’s Pulse-Width
Modulation (PWM) by the fundamental wave component of switching fun¢hiah was derived assuming symmetrical
balanced operation.

In order to handle EPS with PECs in both balanced and unbalancedm@ions, a gener&P representation of
three-phas@C-DC converters is required. The two most typical representatives of thiertemclass are the uncontrolled
diode rectifier (in MEA applications it is often used in conjunction witraatmtransform]) and the PWM active front-
end rectifier using IGBTs. This paper addresses this general representatitimrdingh the consideration of the controlled
PWM rectifier. Henceforth this will be termed the Controlled Rectifier Unit oWCR follow on paper will cover the case of
the diode family which is a more difficult case on account of thigtence of discontinuous states and variable switching

patterns undefAC faulted conditions.

State-average models of the CRU in a synchronous frame were méﬂr[zg [30]{and report good accuracy.

Based on these, a non-switching functiothgd model of CRU was developed| in [31] and shown to deliver accuracynwithi

the MEA functional-level requirements. The simulation speed wastegptr be three orders of magnitude higher than the
abc model incorporating converter switching. However, under unbalancelinanféult operation, the simulation speed

reduced significantly and lends motivation for the development of DP mddéis paper.

DP modelling of systems containing PWM-controlled CRUs has been repatedtly. In [18], a CRU-type

converter is considered as a part of the unified power flow controller (Je&@rolling the power flow between a

Synchronous Generator (SG) and the Infinite Bus (IB). Here, the authdwed a DP model base on tiigframe averaging



model with the d axis orientated on the synchronous rotor fraime.DP model derived [n [1B}an only be used for

modelling elements such as Double-Fed Induction Generator (DFIG) afiddUPower Flow Controller (UPFC). In these
cases the DP model is derived from dg-frame averaging model and #ixis is naturally fixed on the machine rotor.
However, for the CRU, the d axis is aligned with the voltage vectoeatathpling point and the voltage vector angle is not
known but derived from a Phase-Lockedop (PLL). To get round this restriction the authors had to control the CRid us
frame-invariant real and reactive power. However, this is in contrast ttyplwal CRU structures which use active and

reactive components of the input current for control; this requires orientatithe voltage vector at the point of connection.

In addition only simulation results for a low degree of unbalanceiaee @y [18] and fault capability was not demonstrated.

In|[20]|and [24] a CRU-type converter is also considered as aoparSTATCOM and VSC-HVDC system respectively.

However the reported models are applicable for balanced conditions only.

Summarizing all the above, system-level simulation studies of MEA EPS eegoaurate but time-efficient
functional-level models for AC/DC converters capable of reproducing sydyaamic behaviour under both normal and
abnormal operations. This paper aims to develop a CRU model that exhibigsrtheemputational effectiveness found in
dg0 models at balanced conditions but, unidgd models, maintains its effectiveness under both unbalanced and line fault
scenarios. In order to reach this goal, this study will exploit seam@rkable properties of DPs. The contribution @ th
paper is as follows:

* The reported model is applicable for significantly accelerated simulations of complex EPS’s, both balanced and
unbalanced, containing multiple active PWM rectifier feeds; this cannetppesented using theP based models published
so far.

» As an outcome to the above, the PWM active rectifier feeds can be currenotledrthrough orientation at the
local point of connection; this cannot be represented usingRHEsed models published so far.

+ The model is verified experimentally and the computational perform@na@mpared against both the
corresponding time-domain abc switching model and the functiomakwiichingdg0 model. A significant computational

acceleration for the DP-based model in simulation of different opeshoanarios is demonstrated.

II. DYNAMIC PHASORS

In this section, in order assist readabijlitye basicDP theory is reviewe [12]][[14]] This will be intensively

used throughout the rest of the paper.
The DP concept is based on the generalized averaging ty [9] and assummesdmrtiain nearly-periodic

waveform Xt) can be represented on the interval te(t-T, t] by the following Fourier series:



xt)= 3 X, (helos 1)

k=—co
where we=27/T and T are the fundamental period of the wavefort) ¥ the K' Fourier coefficient in complex form
referred to as a “dynamic phasor” (DP) and determined as follows:

t
X, (1) = % [x(x)e s dr =(x), (1) (2

t-T

where k is theDP index. In contrast to the traditional Fourier Transformation (FT), these Fous#icemts are time-
varying as the integration interval (window) slides through time. Thetsdleet ofDPs, or K={1,2,...k,...}, defines the
approximation accuracy of the waveforfFor example, for dc-like variables and signals the index set onlydieglthe
component K={0}, and for purely sinusoidal ones K={1}. It is crudial notice that an interface between time-domain
models and DP models can be developed based on (2).

A key factor in developing dynamic models based on DPs is the relatioadrethe derivatives of the variahig)

and the derivatives of W ourier coefficients given @

<‘;’t‘> () = d);kt(t) T jkaX, (1) ®)

This can be verified using (1), (2), and be used in evaluatingtphasor of time-domain model. The differential
term on the right side of (3) is crucial. This term allows the DP tdydtansient behaviour of signals. If we drop this term,
the differential property of DP reduces to be the same as that of traditionalsphasor

Another important property of DP is that th& phasor of a product of two time-domain variables can be obtained

via the convolution of correspondimpPs:
<Xy>k :Z<X>k7i<y>i (4)

The propertieof (3) and (4) play a key role when transforming the time-domaidets into the DP domain.

Algebraic manipulations in this paper will also exploit the following propdrtea functionsc(z):

X (t) = X (t) ©)

where the notationdenotes a complex conjugate.



[ll. CRUMODELLING USING DYNAMIC PHASORS

The active front-end CRU is well-known from previous publicatlons} [P3][(and in its basic form is shown in

Fig.1. A key requirement for the model being developed is the capatbititpe-efficient simulation of CRU operation under

both balanced and unbalanced operaii@onditions, with the required accuracy according to the functional magl&dlnel

specification (within 5% envelope of the behavioural-level model wavé¢fHie]).

This converter allows for independent control of active and reactive ftomewria the control of the AC current
components expressed in a synchronously rotating frame. Téw ditis is aligned with the voltage vector at the point of

connection. In terms of three-phase quantities, this voltage can tessag as follows:
ej27z/3+vcej47r/3) 6)

\7=E(v +\
3 a

where y, vy and v are phase voltages at the point of connection. The voltage vector angitlanpgbis normally derived by

a PLL. The PLL itself is a control system with its own dynamMedern PLL structurgs [3R] perform a very accurate

voltage tracking. Therefore, for the purpose of this study, weassimme that the PLL in Fig.1 delivers the exact valug of

for any set of phase voltages W, V., including cases of severe voltage unbalance and phase displacement.

Vabc

Fig. 1 Active front-end rectifier control structure

Basically, the reported modés derived by transforming the time-domain CRU dynamic equations h&o t
frequency-domairDP form. The model development process can be conditionally broken-ddw the following key

stages:



- Establishing how to map the generally unbalanced time-domain CRUysugdtage vector (6) intdPs. Since
CRU operation and control require decomposition of the voltage vectant( synchronously rotating frame
components, it is essential to establish howliRe of these components can be derived from time-domain values of
individual phase voltages,w, and y. Furthermore, it is necessary to establish how these components will behave
during balanced and unbalanced conditions;

- Since the CRU control is based on controlled current components oriengetbtating frame aligned to a voltage
vector (6), these components are mapped into the DP domairbaugient use in CRU control;

- Transforming the CRU control structure into DPs;

- Transforming the power conversion stage into the DP domaiafuhctional modelling level requirement means
that a non-switching model of the power conversion is used.

In the text below, the model development process is reported accordingtégese s

A \oltage and Current Vector

In this section we establish how, using three-phase time-domain vélabs woltages, one can derive Es for
the synchronously rotating frame components of generally unbal@Rednput voltages.

Assuming the CRU is supplied by the three-phase voltage with the follindivgdual phase components:
Vv, =V, cos@t+¢), i=a,b,c ()

where VY is the phase voltage magnitude ands the corresponding phase angle. Di®s of (7) can be derived according to

the DP definition (2). Selecting tiP set as K={1} since (7) includes only the fundamental component, we hav
1 1
- Clotdr = Z\elt  j= 8
<vi>1__|_t£\/i cos@r +¢,)€e dr_z\/ie , i=ab,.c (8)

As one can see from (8)heseDPs are just complex numbers. It is important to notice thatDP «vp, is half of its
corresponding traditional phasdrs Substituting (7) and (8) into (6) and re-arranging the terms sesulthe following

relation:

7= 200 ), + (), (v, e 2 e 2t ) 002 (v 127 ©

This equation shows how the voltage vector (6) can be defined thieRigbmponents. It is clearly seen that the two right-

hand side terms define the positive and the negative sequencedrgfutheoltage vector respectively. The latter will only



appear when phase voltages are unbalanced. Using (©Pthéor voltage vector componentsarsynchronously rotating
reference frame can now be derived.

Consideringhe stationary of} reference frame in which the voltage vector can be expressed as:
V=V, =[ye'™’ =v, + jv, 10

wherev,; represents voltage vector in the aff frame. The components,vand y are the real and the imaginary parts of (9)
Under balanced conditions] pndg are constant and equal tg ahde, respectively. In general cases, the magnitude |v| and
the anglep are not necessarily constant and depend on the magnitudes and phasefaalgiedividual phase voltagés
(7). In general, both these values are time-dependent, i.e. |v|=|v|¢Fand

A reference framelq is now introduced. This frame rotates synchronously withpieed corresponding to the base
EPS frequency=2xf,, as shown in Fig.ZThe input voltage vector in terms of ttlg frame can be derived fromp-frame
representation in a simple manner:

Vgq =V, € " =Vy + jv, (11)
Substituting (9) and (10) into (11) results in:

Vg = Vo + Voo )+ Vy + IV, o124 (12

where variables ¥, Vqo, Va2 @and g, can be calculated as:

Vio :§R4<va>l+<vb>lej 20134 (v,), 71 271] (13a)
Voo :élm<va>l+<vb>lejz”’3+<vc>le‘j2”/3] (13b)
Via = 2R, + ()77 + (v 1777 (13¢)
Vgo :glm<va>1+<vb>;e12”’3+<vc>;e‘j2”’3] (13d)

The equations (12), (13) defirregeneral voltage vector ia synchronougdq frame expressed with tHePs of individual
phase voltagea,;. Analysis of (13 shows that the variablesand o define the positive sequence of the voltage whilst
Vg, and \, define the negative one.

The d- and gaxis components of the input voltage vectgamd y, can be derived from (12) by separation of real and

imaginary parts:

Vy = RelV,, )=V, +V,y, cOS20t +V,, SiN20k (14



Vg = Im(Vyy) =V, +V,, cOS20t —V,, SiN200t 1®
The following can be concluded from (14) and (15):
¢ Under balanced conditions the voltatgecomponents becom@C-like: vy=Vqo and y=Vqo.
¢ If the supply voltage is unbalanced, tteeframe components of the voltage vector will include componentseof th
doubled frequency as well as the dc componegtand \ .
e TheDP set K representing a general supply voltage in synchronously rotdtjigame should includ®C and 2¢

harmonics, i.e.

={02} (16)

The DPs for the CRU input voltage vectdig-frame components are given| in Tabje | together withOiRs for the input

currenti derived in a similar manner.

TABLE |. DPs FORCRU INPUT VOLTAGE AND CURRENT IN SYNCHRONOUSLY ROTATING FRAME

DPs
Variable
k=0 k=2
Vd {Va)o =Vao (Va), = Va2 = Vgo) /12
Vg <VQ>O =Vqo <Vq>2 (Vg2 + 1Va2) /2
ig <id>o:|d0 <|d>2: a2~ 1g2)/2
Iq <iQ>0:|q0 <'q>2: lgo+i142)/2

Hence, the mapping of the synchronously rotating reference framgocents of the CRU input voltage and current into the

frequency domain dDPs is established.

B. Active and Reactive Current Components

Operation of the CRU requires an independent control of the input current cemtgpavith respect to the input
voltage vector as shown in Fig.2. We define a new rotating framey@aef and align the D-axis with the voltage vector,
under both balanced and unbalanced conditions. Under balanced contlitgdD frame will move synchronously with the
frame dq defined in the previous section. During unbalance, the voltage vegtan@® hence th®Q frame as well, will
exhibit a complex motion with double-frequency components with respéue tlg frame according to (13). Hence, tbes
for the input currents in thBQ-frame components (denoted gsind i) are required. This is the subject of this section.

The relation between the input current components ibDt@enddqg frames at any instant can be derived from the

geometry in Fig.2:



ip = Iy COSp+i,Sing 17

io= -igsing+i, cosg 18

whereg is the angle between d axis and D axis.

IQ

Fig. 2. Frame considerations for developing DP CRU model
Mapping (7) and (18) into th®P involves the application of the convolution property in (4). Inittmtdto knowledge of
the DPs for iy and j, (derived in the previous section), one needs to establisDRaeor singp and cog due to the time-

varying ¢. From the geometry of Fig,they can be expressed via d and g axes voltage components:

cosg = f, (v ,vq): vd/,/vg +V5 (19
sing = f2(vd,vq)=vq/,/v§+v§ (20)

The transformation of non-linear functions (120)(into the DP domain (i.e. calculation of tB@s (sing), and (cos¢), by

directly applying (2),12) and (L3)) is not analytial. We therefore propose expandid@)and O0) into a Taylor series with

respect to yand y, followed by the transformation of the truncated series int®#domain. This is now described.
Approximating (9) and @0) by the Taylor series requires selection of the operational point for plaesirn. The

natural choice is the voltaggg components corresponding to the positive sequence of the voltage \etme, the

operating point is defined as {Y Vyo} according to {2). The Taylor expansion oi9) and @0) yields:

K Kk k K K
cospx o+ itV —vdo)+f( . —vqo)+2L|3(vd Vo) +#( Voo # ol ~Vigo)Vg Vo )+ - (21)
_ K K Kk k k
sing ~ ko + f(vd —vdo)+%(vq —vqo)+§(vd Vo) +§( Voo +§(vd Vol ~Veo )+ - 22

where K are constant coefficients depending on the selected operation point. These canl&edalsing 13), (19)-(20)



and are given in Appendix I.

The seriesd1) and @2) can be converted into the frequency domain after suitable truncatamtitionally only the
first-order terms are considered. Due to the DP convolution propgrtgddverting high-order terms infoPs is possible
and this will improve accuracy. In this study we found that trLiimgaId-order and higher terms i27), (22) provides very
good approximations even for very unbalanced fault conditidgrenw; and v in (19) and @0) are severely disturbed by the
doubly-frequency components. This will be shown by comparasivnulations in following Sections. Applying DP
definition (2), convolution property (4) t@1), (22) and using Table I, after some algebraic manipulation, we can derive the

following DPs (the set is K={0,2} as above):

(0057} =Haohuda) (v, ualV), (), o (), (v o) (23)
(cosg), = kaalVa), +kaalVa), (230)
(sind)y =k sl +KaafYe), (V) o () e + (), | (242)
(sing), = oV, +kaalVa), (245)

All the voltageDPs participating in (23), (2fare already derived and given in the Table I. Thus, the frequency-
domain images of functiond ), (20) are derived as thePs (23)-(24). Equations 17) and (18) can now be mapped into the

DPs as well using the convolution property (4):

(io)o= {ia)o(cosg)y +{ia),(c0ss), +(ia) (cost), + (iq),(sing), +iq), (sing), + (iq) , (sing), @9
(i0), = ia)o(sing), ~(ia )5 {sine), ~(ia), (sine), +iq), cosa)y +{iq), (cos0), +(ia) (c0s0), (28
(i), = (ia)o{c0sp), +(ia) ,(c050) +(iq ) (Sin0), + (ia), (sine), @7
(iq), =ia)o(sine), ~(ia),(sing), +(iq), (cose), +(iq) (cosp), (28)

Hence, alDPs constituting the controlled variablesyamely  and , are derived. From the basic principle of CRU control,
the componentgip), and(iy), should be controlled to zero. The componégh, controls the reactive power. The

componentip), controls the active power flow and hence the DC-link voltage.

C. Dynamic Phasors for the PI controller

As shown in Fig.1, the control structure of the CRU employs d?tigmal-Integral (P1) controllers that should be



converted into the DP domain as well. The state-space equation for therBll@oim the time domain is:

X=ku, y=Kku+X (29

where u is the input, ang, knd kare the proportional and integral gains correspondingly. This equatioreceonierted

into DPs as:

A,
dt

=k {u)y = Tkex(X) - (), =Kp(u) + (), (30
The selection oDPs index K is as (14) with K={0,2}. Other linear controllers can be tehth a similar fashion.

D. Modulation index and transformation to three-phase coordinates

The CRU control output is a three-phase modulation indgx(im the three-phase domain) that is derived from the

DQ frame ind& mpq produced by the current controllers. The relation betwegynamd my.is:

[m,m,m ] =K, [m, m,[ 31)
where the transformation matrix I§ given by

cost + @) —sin(wt + @)
K, =|cos@t+¢—27/3) —sin(t+¢—2r13) (32
cos@t+¢+2r13) —sin(wt+¢+ 2713
As discussed previously, in unbalanced conditions the apgdenot constant, henceg ks not constant either
Hence, mapping the coordinate transformati@®) (nto the DP domain requires knowledge of correspon@Rdor matrix
Ks This can be found in the following way. Each element ofat be re-written as separatelependent terms using basic

trigonometric rules, for example:
cosgt + ¢ — 2r 13)= 05(—cosg ++/3sing )cosat + (sing + /3 cosp)sinat} (33

The corresponding DP can be then derived using the convolution prépeaty detailed below. The terms eegnd simw¢
are converted into the DP domain directly applying (2). For these puaetyonic terms the DP index set includes only k=1

as o is constant. The correspondin®Ps are:

(cosat), = (cosat) , = <coswt>1 =05 (34)

(sinat), =—05j ; (sinat) | =(sinat), = 05] (35)



TheDPs for co® and sirp are derived inZ3) and @4) and the DP set for these is {0, 2} accordind16). Hence, following
(4), the DP index set for each element of matrjstould include the*i(fundamental) and thé“harmonic. Applying (4) to

(30), one obtains:

(cost +¢-27/3)), = 0.5~<coswt>1<(— cos¢+\/§sin¢)> - 0.5~<sina)t>l<(sin¢+\/§ cos¢)>
) ° . 0 (36)
+05. <005a)t>1<(— c:os¢+\/§sin¢)>2 - 0.5-<sina)t>l<(sinq5+\/§cos;b)>2

(cos@t + ¢ 27 /3)), = 05- <cosa)t>l<(— cosp + \@sin¢)> - 05 (sina)t>l<(sin¢ + \@cos¢)>2 37)

The DPs for other elements ofsi€an be calculated in a similar way. Applying DP properties (4Y%ndheDP for

coordinate transformatior3{) can then be established:

n <K><[”$}><K><{L”J><K><m> @9

Here(K;), and(K;); are matrixes of the same structure3® put constituted bipPs of k=1 and k=3 correspondingly.

E. Power conversion

Functional modelling does not require switching converter behaviour. Theteéopmwer conversion is governed

by the following time-domain equatigns [31]:

Vl] = 0.5~Vde,7 (39)
ige=05y. mi, - (40
n

where ¥ is the dc-link voltage, is the modulation index of the corresponding phasa b,c), j is the phase current.

Transforming these equations id®s yields:

(Vi) = 0S{vaclo(m, ), ()

*

(igc)o = o.5;<m,7>k<i,7>k (42)

Here, only the fundamental component is considered on the ac side,3B itdex is chosen as k=1. For the dc-

side variables the set is k=0 since only the dc component is considered.



F. Assembling the model

The above derive®Ps equations constitute the core model of the CRU. As a signal flow diageamodel is

given in Fig.3. This model can be directly applied for simulation stwdies) an entire EPS is modelled in the DP domain,

similar to the study reported [in [46]. In this case all the required ifpufsply voltages, input currents, DC voltage) are

available in the form obPs, and the outputs of the model (CRU terminal voltages and DC currarig adirectly interfaced
with the other EPS unit models. The model’s signal flow can be easily conceived through comparison of Fig.1 and Fig.3. One
notes that in DP domain the DC voltage control remains the same whilst ttecimpent is controlled via its four
components derived ir2%)-(29). It is natural that all the"2orderDPs should be controlled to zero, together with main Q-
axis current’s DP to achieve the unity power factor. It is also seen from Fig.3 that dldelnorder is increased compared to
the three-phase domain model; however the AC DP signalB@iig&ke in steady state and a significant acceleration in
simulation is expected (to be confirmed in the following Sections).

The model can be applied to simulation studies of EPS dynamic in a trabliticge-phase domain as well. In this
case, the model in Fig.3 should be supplemented by the interfacinglemasl shown in Fig.4 in order to establish a
communication between the three-phase andDiedomains. The interfacing module Fig.4 includes D calculators
based on (2). The interfacing module also includes the DP-domain equfatiotie input RL circuit to link the CRU

terminal voltages and the input currents:

<ia>1’<ib>1’<i0>1 <Va>1’<vb>1’<VC>1 <Vac >l,<v§ >l*<V§ >1 <Vd0>o <idc>0

a L N
Eqgns. (13), (23), (24)
and Table |
Eqns. (13), (sing),.(sing),
(23)-(28) and Eqn.(41)
Table | <COS¢>0, <COS¢>2
Eqn.(38) <ma>1
{Ks)y (Ks)s (m,),
m) o), gl | | ™
ref E‘J ref [T]J ref <Vdc>0
T<VQ >2 T(VD >2 <VD >0 _ < > ref
V,
Eq:l30) Ean.‘(lso) Qf)k de/g
Qqﬁ)ff PI
- Eqgn.(30)
<|Q >2
Eqn.(42)
\_ )

Fig.3. DP domain model of active front-end rectifier



Ld<ii>1

dt

=—R(i;), ~j ol {i;), +(v >1_<v$>l, i=abc @3

If the model is implemented according to Fig.4, the end user will be@blgild three-phase EPS models, without

the necessity of understandibgs theory.

)
i} -
le . .
ae (a) N : lge={lge) c
ot o i =
,., Eqn.(1) 22t circuit  f—— <Vbc> T
; (i) Eqn.(43) |— <\,cc>1 3
<v > <VdC>0 =Vae
DP <Va>l o
calculator (Vb >1 refl Vv (;'zf
o) Eqn.(2) ). (Vac)o
DP CRU
(model Fig.3)

Fig.4. Three-phase interfacing of the DP CRU model

IV. MODEL EXPERIMENTAL VERIFICATION

The experiments to verify the model were conducted on a CRU develmpepefration as an active shunt filter in
an aircraft EPS. The CRU was supplied by a programmable AC sourecen&61705 capable of generating balanced and

unbalanced sets of three-phase voltages. The CRU control is implemsimgda Digital Signal Processor TMS320C671

connected to an FPGA board for data acquisition and sampling. Theraiggters are given|in Tablgbelow.

TABLE Il. EXPERIMENTAL SYSTEM PARAMETERS

Three-phase supply V=120Vrms, fs=400Hz
Input impedance L=3mH,R=0.1Q
DC-Link capacitor C=2200 puF

Switching frequency fow = 10 kHz

Sampling frequency fo= 10 kHz

For aircraft system-level EPS studies, the dynamics of the CRU D@touttitage and the AC input current are of

prime importance, therefore these parameters were monitored during thenerpeand reported below.

A Balanced operation
In this experiment the CRU was supplied by balanced set of voltages8@{r400Hz. The CRU was loaded by
200Q resistor (=15% of the rated power). The DC-link voltage demand was changed2fd6m to 270V at t = 2s. The

experimental and DP simulated DC-link voltage and CRU input currentsngspare shown in Fig.5. As one can conclude,



the model reproduces the transient behaviour of both DC-link voltab@put currents (its main harmonic) with accuracy

well within functional-level requirements.
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Fig.5. DC voltage (above) and input current (below) in cese to a step in voltage demand (blue-experiment; neddel) under the balanced supply

B. Unbalanced operation

Similar transient conditions were applied in the case of an unbalanced.sdmiep in DC-link voltage demand
from 250V to 270V at t=2s was applied under RMS supply voltage80V, \,=90V, V,=100V. The load resistor was
200Q. The result is shown in Fig.6 (a).

A step in the load (R4 changed from 200Q to 92Q) at t=0.85s was applied under RMS supply voltages ;#65V,
V=70V, V=60V and DC-link voltage = 185V. The experiment results are compared agansinttlation results in

Fig.6(b). These experiments give validation to the DP CRU model undelancbd supply conditions.



C. Line fault scenario

In this experiment the model was verified with a phase to grountddayphase C. Phases A and B voltages are
80Vrms. The transient responses to a step increase in DC voltage deoma2@®V to 270V at t = 2s compared in Fig.6 (c)
and (d). These results show that the model accurately reproduces#tmick/ of DC voltage, as well as the behaviour of
CRU input currents under the phase loss.

The experimental results above confirmed that the DP CRU model is well suitabfenatianal level modelling
library element for normal, unbalanced and EPS line fault regimes. Figise 8hows that the DP CRU model accuracy is

within 5% of the actual experiment as specified by the MEA functional levééimequirement.
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Fig. 6. Comparison between simulation and experimental results under unbalandétbns (a) ¥ in response to a step in voltage
demand; (b) & with a load impact; (c)qvand (g phase currentgy. in response to a step in voltage demand under line fauliticorsd



V. COMPARISON OF SIMULATION TIMES

In this section the computational effectiveness of the proposed CREl im@ssessed. For this purpose, we applied

different modelling techniques to an example EPS shown in Fig.7 f&R&eters are given in Appendix II). The CPU time

taken for the EPS simulation under balanced and unbalanced conditionsehamdnitored. We assume EPS unbalance

occurs due to a linw-line fault in the middle of the cable supplying the CRU (the cable is modbiledn RLC

representation).

The following EPS models have been developed for the comparative study

Three-phase EPS model with switching CRU model (ideal switches)nidusl is illustrated by Fig.7(a) and is
referred to as theabcmodel in the text below;

dg0 model, in which the all AC variables in the EPS are represented in termscbf@yously rotating frame
orientated on the supply voltage vector. This model is given in F)gangis based ]. There are no three-

phase variables in this model. The individual component models, ingltldé functional CRU model, are as

reported in [31]];

DP domain model of the whole EPS with the DP CRU model of this papehoagisn Fig.7(c). This model

does not include three-phase variables. In the text below this model is referredet®Rsnodel;

An EPS model using a functiondtj0 CRU model but with three-phase interfaging |31] as shown in7fdy

The AC system is seen by the user as three-phase and thermigtafion is not visible. This model is referred
to as the dq0/int model in this section;

An EPS model using the DP CRU model of Fig.3 but with the thhese interfacing unit of Fig.4. The AC
system is seen by the user as three-phase and the DP formiglatairvisible. This model is shown in Fig 7(e)

and is termed the DP/int model.
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Fig.7. Example EPS modelling using different techniques

All the models were built in Modelica/Dymola v7.4 environment. The simulationasiceassumed 1s of EPS
operation including a step increase of DC load curreffitom 5A to 10A occurring at t=0.2s. The simulation results are

discussed below.

A CPU time taken for simulation of balanced operation

The simulation results for the balanced operation scenario in Fig.8(a) caydwth accuracies alq0 and DP
models compared with the abc model. The CPU times taken by the selextels mmder balanced operation are given in
Table Ill. From the Table, theq0 model is fastest -& times faster than the abc model, whilst the develdpednodel is
369 times faster. For this example tg0 model is 1.6 times faster than tB®. This is consistent with expectations since
the dqO variables under balanced conditions B@like, and the number of system equations is less than iDRheodel.
The threephase interfaced models dqO/int and DP/abc are less efficient due to additiomaitation required for the
transformations to and from the three-phase domain. But the acceleratied igastill significant. These models are a good

base for building libraries for EPS simulations.
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TABLE Il . CPUTIME TAKEN FOR BALANCED SCENARIO SIMULATION

Model: abc dqo DP dqO/int DP/int
CPU time taken: 4555 0.774 1.232 1.092 1.935
Performance index 1 587 369 416 235

B. CPU time taken for unbalanced scenario simulation

The performance under unbalanced operation (briere short between phases A and B) has been assessed. During
the scenario, the same DC load current occurs as previously and the aratiegDC voltage transients are shown in
Fig.8(b). As in the previous case, good accuracy of the furattioadels is demonstrated.

The CPU times for this scenario using different models are given Téblsslexpected, the performance ad0
model degrades most significantly since the system variables are o [@Bdike. The dgO model become onIg5 times
faster compare to the abc model. However@iffemodel has only slightly degraded, and4@9 times faster than thabc
model, and12 times faster thamlg0 model. As one can conclude from Table 1V, the DP/int model also maintans th
performance during the imbalance. The simulations confirm that theaB&3 models can maintain their performance in any
condition. In spite of the larger number of equationBihmodel compared to dq0 approach, all the system variables are still

DC-like and result in larger integration time steps and faster simulations.

TaABLE IV. CPUTIME TAKEN FOR UNBALANCED SCENARIO SIMULATION

Model: abc dqo DP dqOf/int DP-int
CPU time taken: 453.9 12866 1.108 37.168 1.466
Performance index: 1 35 409 12 309

The performance of the above models can be illustrated bg(&igshowing the cumulative CPU time during
simulation. In this Figure, it was assumed that the EPS starts operatienhalanced conditions, and a litweline fault
occurs at t=0.5s. The simulations ended at t=1s. One notes that the linesocdlirestoDP-based models have roughly the

same gradient before and after the fault whilst the dg0-based models start toectins@RU time at a high rate.

VI. CONCLUSION

In this paper we have presented an active feadtrectifier model suitable for accelerated simulations of EPS’s at
functional level. The model maintains high computational performance wmielanced supply voltages and line fault
scenarios. This advantage was achieved by applicatidbPsfthat considers system variables as time-varying Fourier

coefficients. The model has been validated experimentally. The modelmpanime was assessed under balanced and



unbalanced conditions and for the latter, the model has proved to e mare computationally efficient compared to
models using variable transformations in synchronous rotatingefaThe developed CRU model has been added ©Rhe
based modelling library for accelerated studies of future MEA EPS architectures ahdtienfal level. This library will
provide an efficient and accurate tool for system engineers to desigmptmize a variety of EPS architecture candidates.

Currently the library is under development and will be reported in ourefpiwblications.

APPENDIX|. TAYLOR SERIES COEFFICIENTS IN21) AND (22)

. 10, Voo) | F1(Vao, Vo) . 0% 11 (Vo V) | 0*f1(Vyo Vo) | 0*11Vs0 Vo)
Kio= fl(VdOquO)l kyy = v s ko= EY k3= 2 v R14= 2 v K5 = ,
Koo = o (Vo Vi) ; K =M- :M- K= a2f2(VdO'Vq0). _ 0% f3(Vg0, Vo) :M
20~ 12WVdo:Vgo/» 21 Vg 1 K22 o, » R23 avd2 1 R24 aqu » Kos VgV

APPENDIXIl. CRUMODEL PARAMETERS USED FOR SIMULATIONS

Supply: V\=Ve=Vc=115V,h.ms @400Hz. Cable (half section); R0.01Q; L. = 2pH, C. = 0.2nF. CRU: switching
frequency - 10kHz; C = 2400mF. Current controllers=&3, k.=7500. DC voltage controller;&0.03, k=0.6; DC-link

voltage reference 540V.
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