IEEE International Symposium on Industrial Electronics (ISIE 2009)
Seoul Olympic Parktel, Seoul, Korea July 5-8, 2009

Averaged Value Analysis of 18-Pulse
Rectifiers for Aerospace Applications

Sakineh Aghighi, Alfred Baghramian, Reza Ebrahimi Atani
Department of Electrical Engineering
The University of Guilan
P.O. Box 3756, Rasht, IRAN
Email: Zohreh.aghighi @gmail.com, baghramin2000@yahoo.com, rebrahimi@guilan.ac.ir

Abstract— This paper describes the non-linear averaged value
models for different configurations of an 18-pulse rectifier.
The models allow rectifier and drive system interactions to be
examined analytically, or through rapid simulation. The models
are validated by comparison with a detailed circuit simulation.

I. INTRODUCTION

Power electronic based power systems are increasingly
being used in applications such as aircraft, spacecraft, hybrid-
electric and electric vehicles and many more. In these multi
converter power electronic systems, different converters are
integrated together to form a complex and comprehensively
interconnected system. The replacement of hydraulic and
pneumatic systems in aircraft with electrical systems is known
as the "More Electric Aircraft (MEA)”. This concept is being
used increasingly in the aerospace industry and is resulting
in the growing and widespread use of electrical power and
power electronic components and systems. More electric com-
ponents and systems are expected to enhance reliability, fault-
tolerance, power density and performance of aircraft systems.
For example, many of the main pumps associated with fuel and
lubrication are currently coupled directly to the engine. In the
MEA approach these are likely to be driven by variable speed
electrical drives with associated power electronic converters.
Also, the use of new converter topologies with advanced power
components as the power switches are predicted to increase
system efficiency.

The MEA concept offers many advantages and benefits,
however, increasing the number of power electronic loads will
produce more complex electrical systems and consequently the
possibility of interaction between loads and source, instability
and the presence of harmonics will increase.

Due to their internal control functions, power electronic
converters present ’constant power’ characteristics to their
supply. These types of loads are known as Constant Power
Loads (CPLs). Since CPLs have negative incremental input
impedance, there is a possibility of interaction, lightly damped
oscillations and instability between the supply and the CPL,
or between different CPLs sinking energy from one supply.
This instability issue has led to the need for more thorough
analysis of systems which are composed of multi-CPLs.

Over the past few years, there has been a significant amount
of research on DC power distribution systems which contain
tightly regulated converters. However, there are only a few

papers published about AC systems which consist of rectifiers
and constant power loads [2]. Using standard circuit simulation
techniques to study the dynamic interaction between a single
rectifier, DC link and CPL can be very demanding computa-
tionally due to the large number of diode commutations that
must be calculated in a typical transient. As an alternative,
averaged-value, DC-side models of the rectifier may be used.
The dynamics of the resultant equivalent circuit may be either
studied analytically, or used in a circuit simulator to reduce
simulation times substantially. While the literature shows
that averaged models of 6-pulse bridge rectifiers have been
developed which are suitable for small signal analysis, ( [3],
[4], [5]) there is little information on the averaged models of
multi-pulse rectifiers [6].

Integration of small systems to form large and complicated
systems is vital for many applications. When two stable sub-
systems like two rectifiers with their CPLs are combined or
integrated together, there is no guarantee that the combined
system will be stable. There may be an interaction between
the interconnected sub-systems which can result in instability,
even when the sub-systems may be well designed for stand-
alone operation. Another part of this research is concerned
with the average modelling of different types of rectifiers with
different pulse number and the interaction between them in an
AC power system.

The literature survey begins with a general description of
the averaged model of a general 18-pulse rectifier in section II.
Section III describes the averaged value model of alternative
18-pulse rectifiers [1]. Comparison of models is in section
IV. Modelling of multiple 18-pulse rectifiers are presented in
section V and the paper concludes in section VI.

II. AVERAGED VALUE MODEL OF A GENERAL 18-PULSE
RECTIFIER

In this section we will describe the average value model
of a generic 18- pulse rectifier. Figure 1 shows the schematic
diagram of a general 18-pulse rectifier. The AC power supply
is assumed to consist of three ideal, balanced voltage sources
with 120° phase difference and three line inductors. The line-
to-neutral voltages are expressed by the vector of vy:

l: Va :| [ cos(wt) :l
vs=| VB | =Vp | cos(wt—2m/3) 1)
Ve cos(wt + 2m/3)
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Fig. 1. A Generic 18-pulse rectifier

The transformer is a three-phase transformer with three
three-phase output voltages, which have the same amplitude,
and there is a 20 phase shift between them. The three six-
pulse rectifiers are connected in series or parallel to feed a
constant power load via a second-order DC link filter. The
three equal inductors L,1 = Lpp = Lps = L, represent
the primary leakage inductances and the inductance of the
supply lines. The inductors Lg; = Lo = Lg3 = L represent
the transformer secondary leakage serie’s inductances. The
forward resistance of the diodes and the resistance of the DC
link inductor are included. The model is derived by averaging
the state variables across each 20° portion of the supply
waveform. Each 20° portion begins with an overlap transient
as the DC link current commutates between diodes, whilst in
the second part of the 20° interval only two diodes in each
bridge are in conduction. A straight line is assumed between
initial and final values of every phase current.

The output voltages of the 6 pulse rectifiers are V; and V, and
V3. The matrix equations of them are:

Vi
[ é ] = A, = Bit (i)~ Cio() - Dies) @

Where i1, iy ,ig are vectors of the line currents of each
rectifier.

i1 = 1[I, I, I3)" 3)
iz = I, Is, Is]" @
is = [Ir, Is, Io]" O

The matrixes A1, B, C1, and D1, are coefficient matrixes
and the values of them depend on the type of three-phase
transformer and the system analysis interval and can be easily
obtained as described in [11].

The rectifier output voltage equation is obtained by sum-
mation of Vi, Va, and V3 for serial configuration. However,
for parallel configuration, because of the interphase reactor(s),
the output voltage is average of V;, V,, and V3, and the effect

of interphase reactor leakage inductance(s) will appear as an
inductance in series with the rest of the circuit. Therefore a
general equation for V. is:

(i)~ O (ia) = Do (is) ~ B (i) ©

d
Vi, =A-vs— B )

dt

Where i, is the DC load current. The matrixes A, B,
C, and D are also the coefficient matrixes, and as it is
mentioned before the values of them depend on the three-
phase transformer and the system analysis interval and value
of E depends on the connection type of bridges outputs and
the number of interphase reactors.

The average output voltage of V. is determined by integrat-
ing 6 over one of its switching intervals, which is 20° and it
is between ;1 <t < 6, .

02 . . . .
- _ 1 _ plia(02) —41(61)]  ,[i2(02) — 42(61)]
V., = 7T/9/9 (Av,)d6 — B v c =
1
[i3(02) — 43(61)] d
- DT_EE(“‘) (@)
02 i+ Ad Ad
V., = ! / (Avs)do — g —i — 9—“’0 0
19 o, N Q Ai
—1
= Xpl Zae —Ei(iL) ®)
T i+ Ad dt

Where At = g= and %(i 1) is the local rate of change of
the DC-link current. It is assumed the DC load current is iz, at
the beginning of this time interval and there is a small linear
Ai change at the end of it. A4 denotes the change in average
current over g period and is approximated as Ai ~ % -At =
%%. The current values of the bridge lines at this interval
are the same for every configuration if the conducting interval
is chosen in that manner which it starts at §; when a current
transfer is started from D1 — 1 to D1 — 3, and finishes at 65

when a current transfer is started from D3 — 2 to D3 — 6.

TABLE I
THE VALUES OF LINES CURRENT OF TWO BRIDGES AT THE 01 <a< 92
INTERVAL
1 [ 6 ] 62 |

T(L) | 0 | i+rAd
T(L2) | @ 0
T(Ls) | —i | —i—Ad
T(La) | —i | —i—Ad
T(Ls) | 0 0
T(Le) | & | i+ Ad
T(L7) | & 0
T(Ls) | —i | —i—Ai
T(Lo) | 0 | i+ Ad

The averaged output voltage of every configuration is at-
tainment by substituting the values of Table 1 into integration
of (8) and simplifying.
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S dig
_ 1 [ - i+ g5 GF
v, = (Av.)do — =B b ©
7r/9 v T'I‘
01 90 dt
_n dip 9 —i d
™ O dt w di )
- 0 _>p _m dip _g2%
9w o dip s Sw. ‘fﬁr dt ()
35 It i+ 55 GF
O2/w 1 -1
_ 9 9w —
V. = —“’A/ vsdt——wir(kgL(B){ —1 } +k0LD[ 0 ])
01/w

1
- (koL(B[ 0

-1

0 ]))+(k0LD|:

0
-1
1 1 }
1 0
0 } +D [ -1 }))Z
—1 1

The values of A, B, C, D, and E depend on the configura-
tions. Note that for series connections kg = 1 and for parallel

connections, kg = 0.33.

diy

+C +E)—

(kor(B { 10

III. AVERAGED VALUE MODEL OF ALTERNATIVE 18-PULSE
RECTIFIERS

A. Serie Y/ZY Z connection

When a Y/ZY Z transformer is used as the phase shifting
device, the values of 61, and 2 are 77 /18 and 7/2 respectively
for the 20° interval that starts with the commutation from D1-
1 to D1-3. In a series connection an inter-phase reactor is not
required, so the constant kg = 1 and D = 0. The expressions
for the terms in equation (10) are listed in table II. Substituting
these values into (10) will lead us to V.

TABLE II
REQUIRED PARAMETERS FOR SERIES Y/ZY Z CONNECTION

[ ko=1 ] Series Y/ZY Z |

A EE (+%) -0+

B % (1+28)L, + L) —((1+ 2=)Lp + Ls)]

c (5% (4 Z)lp+Ls) —((1+ 2R)Lp + Ls)]
2L

E [ -+l (1+28)Lp —(1+ =)Ly

01,02, D, i 1—’7 Z 0 ip
o 9v3nVm 81 + \/_)n Lo+ 6L, ]dzr B

g dt

V3 V3

9wn?(L, + L, —
%(1 + 7) +6(1 + T)n%p +6r:]ir (1)

[

Figure 2 shows the NLAM of the circuit. The resistors in
the model represent the overlap effects and the inductors are
the coefficients of the first terms of the Taylor series of the
load current.

Vey = 9v/3n -
s
2
Reg = [(9 (L +Ls) )(1+§)+6(1+?)n2%+6rs]
L. = 8 [(1+—) n®Ly, + 6L, } 12

Veg G

eq

=

Fig. 2. Averaged value model of a series 18-pulse rectifier with Y/ZY Z
transformer and constant power load

Figure 5-i shows the detailed simulation of DC-link capaci-
tor voltage and inductor current of a 18-pulse Y/ZY Z series-
connected rectifier.

B. Parallel Y/ZY Z connection

When the three rectifiers are connected in a parallel (doubly-
wound, transformer-based, 18-pulse rectifier), an IPR is re-
quired to support the instantaneous voltage difference in the
three outputs. Figure 4 shows the diagram of the parallel,
doubly-wound transformer-based, 18-pulse rectifier. The over-
all transformer turns ratio is again assumed to be 1 : n.

Because of the I PR, the diode bridges will ideally, share the
load current. Therefore, the constant kg in (10) has the value
0.33 and D in (10) is equal to L;p, (The leakage inductance
of the IPR). The expressions for the terms in equation (10)
are listed in table III. Substituting these values into (10) will
lead us to V..

TABLE III
REQUIRED PARAMETERS FOR PARALLEL Y/ZY Z CONNECTION

[ ko =0.33 | Parallel Y/ZY Z
A oz w77 ot )
B (B (+2)F+5) —(+22)2+ L)
c =2 ((1+%)%+%) —((1+%)%+%&)]
B CE+9E 1+%8) —(+28)
61, 02, D, i T Le  iL/3

The expression for T, has the same form as (11) for the
series connected rectifier, but with small differences. The
parameters of the equivalent circuit are listed in (13).

Veg = 9\/§an
2
9w(n?L, + L) 3, V3 3
g = P TTs) b 14 == L,
Req e ekt )Ty
3 V3 3
Leq = [2 2L (1+ —) + 5L5:| + Lipr a13)

Figure 5-ii shows the detailed simulation of DC-link ca-
pacitor voltage and inductor current of a 18-pulse Y/ZY Z
parallel-connected rectifier.
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Fig. 3.

A Series-connected output 18-pulse rectifier with an ideal Y/ZY Z transformer and constant power load

Fig. 4. A Parallel-connected output 18-pulse rectifier with an ideal Y/ZY Z transformer and constant power load

Fig. 5.

Averaged value calculation and detailed simulation of DC-link capacitor voltage and inductor current of a 18-pulse (1))Y/ZY Z serie-connected

rectifier(ii)Y/ZY Z parallel-connected rectifier (iii) Autotransformer-based rectifier using Micro-Cap 7 (detailed simulation (red), averaged model (blue))

C. Autotransformer-based 18-pulse rectifier

Figure (6) shows a schematic diagram of an autotransformer
based 18-pulse rectifier. The source voltages are according to
1. Every L, is sum of the source inductance and transformer
primary leakage inductances and every L represents an au-
totransformer secondary leakage inductance. The interphase
reactors are modelled by two L, inductors, which represent
the leakage inductances and an ideal autotransformer. The
turn ratio of autotransformer is £ = 9.822 to create required

voltages for three phase bridges [1]. The method of averaging
of this type of rectifier is similar to a Y/ZY Z based 18-
pulse rectifier. The output of every interphase reactor is the
average of its input voltages. Therefore, the output voltage of
the rectifier before the second order filter is according to 14.

— 1 —
v, = 8‘/§m'n(118)vm +- [9—“’ (§ (1 - 5) Lp+ L)] .
™

I

4r \ 2 k
3 di, 3 71—
— [SLP + ELS + 3Lipr] i |:3Tp + §T’si| i (14)
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Fig. 6. Autotransformer based 18-pulse rectifier with a constant power load

TABLE IV
REQUIRED PARAMETERS FOR AUTOTRANSFORMER CONNECTION

higher for the autotransformer-based system, which is the
output-to-input voltage ratio of the autotransformer. Also,

[ ko = 0.33 | Parallel Y/ZY Z | in the autotransformer-based circuit the values of the series
0 T0+45 2) T+ 55) (1 T 018 )] inductance and overlap resistance terms are both m
B 2z (14 L0y + Ls) “(+ ot 2] bigger than in the doubly-wound case. This suggests that the
C [_Ozfi —Q 182 oL (1 0.2 82 ) L LS 7| model for the autotransformer-based rectifier is a special case

P P . . .
= [_Oos%ug T E;L +L2 TV 0 63282)]: +2L ] of parallel-connected rectifier model, with the turns ratio n

E S . . . .

Nl M £ set to L . However, in next section it will be shown

01, 62 T~ 1g 5 — 1% cos(n/18 - .
D, 3Lsr  iL/3 that there are important differences between the two rectifiers

Which means:

18v3

Veg = szn(—)V

9w (3 3 3
o[BG (-] foe]
Leg = —[3LP+gLs+3LiPT] as

Figure 5-iii shows the detailed simulation of DC-link capac-
itor voltage and inductor current of an Autotransformer based
18-pulse rectifier.

IV. COMPARISON OF MODELS

Comparing the averaged models for the three transformer
coupled rectifiers (Table II and Table III) it is seen that the no
load voltage is doubled in the series-connected configuration
for the same transformer turn ratio n, and the effects of the
primary and secondary inductances are four times larger. How-
ever, for the parallel-connected rectifier the leakage inductance
of the IPR provides an additional series inductance in the
equivalent circuit.

Comparing the averaged model of the three parallel connected
rectifiers of Table III and Table IV; if the voltage ratio of
the doubly-wound transformer n is set to unity, the no-load

output voltages are slightly different, the voltage is m

in terms of the way they interact in multi-rectifier systems.
In addition the autotransformer-based system has increased
output impedance due to the requirement for three inter-phase
reactors.

V. MULTIPLE 18-PULSE RECTIFIERS

In systems that consist of more than one rectifier, it is
necessary to include in the analysis the interaction effects
between rectifiers. In this section the interaction between
multiple 18-pulse rectifiers of the same type is considered. The
averaged model of a single 18-pulse rectifier has been analyzed
in the previous section. In this part a system consisting of
several autotransformer-based 18-pulse rectifiers is studied. A
similar analysis may be undertaken for any other group of
18-pulse rectifiers, which are all of the same type.

A. System description

Figure 7 shows a system that consists of two
autotransformer-based 18-pulse rectifiers. Each rectifier
supplies a separate constant power load through a second-
order DC link filter. The constant power load is realized using
a tightly regulated DC-DC converter with a resistive load.
Three ideal AC sources, along with three inductors and three
resistors , model the supply.

B. Averaged equivalent circuit model

Figure 8 shows a simplified averaged DC model of the
system that is shown in Fig 7. The expressions for the
component values in the equivalent circuit are given in (16).
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Fig. 7. A system consisting of two autotransformer-based, 18-pulse rectifiers

The equivalent circuits of the two rectifiers were combined by
separating the elements in the equivalent circuit that depend
on the common source impedance terms, L, and r, and
connecting the equivalent circuits together at this point.

Fig. 8. Averaged value model of the system consisting of two autotransformer
based 18-pulse rectifiers

18V3V,, . m 9w 3
Veq = T‘”"(E)’ Req = %(1 - E)LP +3rp
9.8w 3 Qw
Leq = 3pr Reql = E_‘_—(l - E)Lpl + Ele + 3rp1 + 3751
Leqi = 3Lp1+1.5Ls1 +3Lipr1
9.8w 3 15w
Reqz = ?(1 - E)Lp2 + py Lo + 3rp2 + 3rs2
Legz = 3.7Lpa + 1.57L2 + 3.1L;pra, k = 9.822 (16)

VI. CONCLUSION

DC-side, averaged-value models have been derived for three
common 18-pulse rectifiers, the autotransformer configuration
being of particular interest for size/weight critical applications
such as in the more-electric aircraft. The models of the three
rectifiers are seen to have strong similarities, for example the
model of the autotransformer-based rectifier is seen to be a
special case of the parallel-connected, 18-pulse rectifier with
a transformer turns ratio of Wl/w) , however in addition
a second IPR is required in the autotransformer circuit. The
models have been validated by comparison with detailed
simulations. It has also been seen that the individual equivalent
circuit models may be straightforwardly coupled together to
examine the behavior of systems that consist of multiple
rectifiers of the same type.By means of this averaging method
the complexity of a rectifier based system model is reduced
without any serious change in state space condition of the
whole system. Therefore, this method of modelling can be
very useful in analysis and design of a system with a number
of rectifiers with high pulse conversion.
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