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Abstract. The paper presents an averaged-value model of the direct symmetric topology of 18-pulse
autotransformer AC-DC rectifiers. The model captures the key features of the dynamic characteristics of the
rectifiers, while being time invariant and computationally efficient. The developed models, validated by
comparison of the resultant transient and steady state behaviours with those obtained from detailed simulations
can, therefore, be used for stability assessment of electric power systems with diode rectifiers, multiple power
electronic converter-controlled loads and electrical drives .

1 INTRODUCTION

The technological trend towards an increased utilisation of electrical power in “more electric” vehicles is
posing new challenges in terms of modelling and analysis. Complex power systems, such as those currently
investigated for future aircrafts applications, result from the interconnection of several nonlinear and time-
varying components with dynamics whose time-scales span several orders of magnitude, ranging from relatively
slow phenomena related to generator's voltage or mechanical loads regulations to comparatively faster electrical
transients caused by the high frequency switching of power electronics based devices. Due to their switching
behaviour power electronics based converters, widely used for dc supplies and for inverter-fed electrical drives,
are intrinsically variable structure systems with the algebraic-differential equations describing their dynamics
changing in correspondence with the switching events. Averaging techniques have been proposed to filter out
high frequency switching behaviour of power electronics devices™ T, allowing computationally efficient
analysis of relatively slower dynamics such as those involved in the destabilizing phenomena which may arise
due to the interaction between tightly regulated loads and energy storage componentst® 4,

Averaged value models of 6-pulse and 12-pulse AC to DC converters have been derived in the past®™ 1" also
taking into account the complex interactions with a synchronous generator®®. However more complex
arrangements such as 18-pulse rectifiers are required for future "more electric™ aircrafts in order to comply with
stringent requirements on the quality of power supply to both AC and DC loads for military and civilian
aircrafts'@ ™ Several different topologies of 18-pulse rectifiers have been proposed each with particular
advantages and drawbacks™4],

After a circuital description of the model employed, the averaged-value model of the direct symmetric
topology of 18-pulse AC-DC rectifier is analytically derived in the paper. The model is shown to capture the key
features of the dynamic characteristics of the rectifier while being time invariant and computationally efficient.
Comparisons of the resultant transient and steady state behaviours with those obtained from detailed simulations
are presented to validate the analytically derived equations. The obtained model can therefore be used for
stability assessment of electric power systems with diode rectifiers, multiple power electronic converter-
controlled loads and electrical drives.

2 STATE SPACE AVERAGING

State-space averaging is extensively used for analysis and control design of switching power electronics
converters™™?. For periodic waveforms x(t) the fundamental component state-space averaging is given by the
one-cycle average:

" This research is being conducted in the framework of the MOET project (More-Open Electrical Technologies), a FP6 European Integrated
Project. http://www.moetproject.eu
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<X>(t):% :tfx(r)dr 1)

where T is the period. Differentiating (1) with respect to time the following key property of the state-space

average is obtained:
d d
—(Xlt)={—xlt
dt<x>() <dt X( )> )

Equations (1) and (2) are the DC component of the generalized multi-frequency averaging technique?.
Alternative averaging methods have been proposed to consider systems of differential equations with
discontinuous right-hand sidet!).

3 AVERAGE MODELLING OF 18-PULSE RECTIFIER

A schematic of the direct symmetric topology for the 18-pulse rectifier is shown in Fig. 1. Three sets of three
phase voltages constituting a nine-phase voltage system are generated by an Auto-Transformer (AT) from the
three-phase input voltages. Several winding arrangements have been proposed to generate the required phase-
shift of +40 electrical degrees*?™*®. Three three-phase diode bridge rectifiers are connected to the nine-phase
source, whereas their DC output terminals are directly connected in parallel. Each diode conducts the DC current
for 1/18™ of a fundamental period. DC and AC currents transformed to a synchronous reference are therefore
periodic with T=1/(18*f) , where f is the generator’s fundamental frequency. An equivalent schematic of the
Auto-Transformer Rectifier Unit (ATRU) is illustrated in Fig. 2, where Lac is the equivalent AT leakage and
cable inductance reflected to the secondary. An RLC passive filter is connected at the output of the rectifier.
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Figure 1: Schematic of a 18-pulse autotransformer and rectifier unit connected to an AC source
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Figure 2: Schematic of the equivalent circuit of the 18-pulse rectifier
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Figure 3: Nine-phase voltages and diode conduction sequence

The ideal nine-phase voltage system generated by the AT is shown in Fig. 3 along with rectifier’s diode
conduction sequence. The DC current ig. during conduction is assumed constant in the following derivations.
The commutation angle xcan be derived by analyzing the commutation process with appropriate boundary
conditions as:

ol

1 =arccos| 1— ——acdc ©)
V,sinz/9

where w=27f and V,, is the AC voltage magnitude.

3.1 DC current with commutation angle p less than /9 rad

Figures 4 and 5 show the ATRU equivalent circuit and the diodes currents during the commutation process
from phase B- to C+. The 20 electrical degree interval is divided into two periods: commutation and

conduction.
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Figure 4: ATRU equivalent circuit during commutation (left) and conduction (right)
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Iload



Antonio Griffo, Jiabin Wang, and David Howe

The equations governing phase currents during commutation, i.e. for 0 < @t < 2 when D2, D3 and D4 conduct
contemporaneously, are given by:

di . (42)
ac dta = _Racla +Va _Up
di, .
ac T = = Raclb— +Vb— -U n (4b)
di .
ac d(:— = - Rac|c+ +Vc+ _Un (4c)
while the DC current is governed by:
di :
ded_(::(:z_Rdcldc+Up_Un_Udc (%)
Combining (4a)-(4c) and (5) with the current equations obtained by integrating (4b)-(4c):
Ia = Idc
. . Voo
i, = =i, +—"-sin Z(l—cos wt)
oL, 9 (6)
. Voo
i, = —-—= smz(l—coswt)
olL,, 9
and the voltages relationships:
V, = V,cosmt
V,. = -V_cos(ot+7x/9) 7)
V., = -V, cos(wt-xz/9)

yields:

(g L, + dej d(;‘;c = —(g R, + Rdcjidc +V_[1+cos(z/9)]coswt -U, )

The equations governing phase currents during conduction, i.e. for ¢ <@t < /9 when D3 and D4 conduct,
are given by:

ac C::;a = = Racia +Va -U p
& ©)
ac o= - Racic+ +Vc+ _Un
dt
with:
o= i
a ° (10)
I, = —lg

The DC link current equation is given by:

(2L, + de)d(;ic =—(2R,, +R, )i, +V, coswt +V_cos(wt-7/9)-U,  (11)

Taking state-space average (1) over the n/9 period of the DC current egs. (8) and (11) and using (2) results in
didc _ 2 RDl _ RDZ L+ RDZ i
dt 7\ Ly Lo, L, |“

+3vm {{L(H COSﬂ/g)—Li}Sin U +Li[sin 7/9—sin(u —7z/9)]} (12)

T

D1 D2 D2
9 1 1 1

__Udc[ - }u_ Udc
T Loy Lo Lo,

where:
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LDl = 3/2 Lac + de I‘D2 = 2Lac + de

13
RDl = 3/2Rac+Rdc RDZ = 2Rac+Rdc ( )

3.2 DC current with commutation angle p greater than /9 rad

Figures 6 and 7 show the ATRU equivalent circuit and the diodes currents during the commutation process
from phase B- to C+ when the commutation angle is greater than =/9 rad. The 20 electrical degree interval is
divided into two periods: commutations from D1 to D3 and from D2 to D4, and commutation from D2 to D4
while D3 is conducting.
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Figure 6: ATRU equivalent circuit during commutation for 0<wt < 1 —7/9
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Figure 7: Commutation process with x greater than /9

The equations governing phase currents for 0 <@t < u — 7r/9when D1, D2, D3 and D4 conduct are given
by:

di .
Lac d‘?— = - Rac|a+ +Va+ -U p
di .
L, dta = —Rgl,+V,-U,
di, _ (14)
Lac d_t_ = = Raclb— +Vb— -U n
di,., .
Lacd_; = _Rac|c+ +Vc+ _Un
which can be integrated giving:
i, = l4— Vi sin = 1—cos(wt+”
oL, 9 9
i, = Vi sin ”[1—cos(a)t+”ﬂ
oL, 9 9
v (15)
e = g +—m_sinZ 1—cos(a)t+”j
oL, 9 9

. V, .. 7 3
i, = - sin—|1-cos| ot+—
oL, 9 9
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Combining the DC current equation (5) with (15) yields:

dig. __ R iy + Vi COSZ{COS(a}t+Z)+COS a)t}—iudc (16)
d Ly, © Ly, 9 9 Los

where:

LD3 = Lac + de RDS = Rac + Rdc (17)
Analogously, the equation governing the DC current for z— /9 < wt < 7/9when the commutation from D1 to
D3 has been terminated with D2, D3 and D4 being conducting is given by:

diy, __Ru iy + Vi (1+cos£jc05a;t—iudc (18)
dt Lo, Lo, 9 D1

Applying state-space averaging to equations (16) and (18), it results:

B 8 Ra(, 2), B2
dt T LD3 T I‘Dl 9

+gV icosz sin —sinﬁ+sin( -z +M sin”—sin( -z (19)
A T TRr-] D T G 9 "9

T D3 Loy

_9 1( _”j+1(2”_ j U
7| L\ Te) T e A

3.3 AC currents
Analytical expression of the three phase AC input currents to the autotransformer uniti,;,ig;,,Ic;, can be

obtained from the analysis of the winding arrangment of Fig. 8:

IAin = I3_|2+Ia+la—+la+
lgin = L—L+lL+L_ +1, (20)
ICin = Il_l3+|c+|c—+|c+

Transformer magneto-motive force (mmf) balance equations are derived as:
o= ]/Nl(ia+ _ia—)+1/N2(ib— _ic+)
i, = ]/Nl(ic+ _ic—)+]/N2(ia— - ib+) (21)
iy = 1/N1(ib+ - ib—)+]/N2(ic— —i,.)

where the transformer winding turn ratios necessary to generate the +40deg phase shifts are given by N;=3.41,
N,=6.41""%. The averaging procedure has similarly been applied to the AC currents (20), although the results are
not reported here due to space limitation.
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Figure 9: AC current waveforms of ATRU when

Figure 8: Autotransformer winding arrangement supplying a resistive load
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4 NUMERICAL SIMULATIONS

Numerical simulations have been carried out to validate the analytically derived model by comparing the
resulting waveforms with those obtained from simulating a detailed diode-switching model of the ATRU. Figure
9 shows the AC current drawn by the ATRU when it supplies a resistive load whose power consumption is
changed from 170kW to 90kW at t=0.1s, while Figs. 10 and 11 compare the steady-state DC voltage and current
waveforms obtained from the averaged value model with those of the detailed model after the power variation
transient has settled down. Further comparisons are given in Figs. 12 and 13 for the waveforms of d- and g- axis
components of the ATRU AC input currents transformed to a synchronously rotating reference frame. As will be
seen, a good agreement between the two models in both transient and steady states has been achieved, albeit the
switching harmonics due to diode commutations are not present in the averaged value model.
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Figure 10: DC voltage obtained with detailed (top) and Figure 11: DC current obtained with detailed (top) and
averaged model (bottom) averaged model (bottom)
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5 CONCLUSION

An averaged value model for the direct symmetric topology of 18-pulse autotransformer rectifiers has been
derived. Comparisons of the transient and steady state behaviors of the model with those obtained from
simulations of the detailed diode-switching model have shown that the analytically derived model can capture
the key dynamic characteristics of the ARTU. The model can be used for computationally efficient stability
assessment of complex electric power systems which employ the 18-pulse ATRU for AC-DC power conversion,
such as those currently considered for future “more electric” aircraft.
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