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Abstract

This article presents an automated method for the sizing of filter parameters taking into account
stability and quality criteria. The analytical linearized model of the system is automatically built from
a circuit description. System stability conditions are firstly assessed on this model with the Routh-
Hurwitz criterion. Then, filtering and damping conditions are introduced. To complete the sizing,
optimization algorithms are introduced in order to minimize the energy stored in inductive and
capacitive components. Simulations are performed on an embedded HVDC (High Voltage Direct
Current) network onboard an aircraft (HVDC network); it associates several loads with their input
filters, to validate the results obtained with the proposed method.

Introduction

For the last two decades, Distributed Power Systems (DPS) have been developed as well in embedded
applications as in renewable power generation units. Indeed, the trend towards High Voltage Direct
Current (HVDC) networks in aeronautical field - typically 540V DC - with “more and more electrical”
aircrafts can be mentioned, where pneumatic and hydraulic systems are gradually replaced by electric
ones [1]; the context of aerospace applications has been selected for this study, but our approach is
very general. DC networks are also very convenient in the field of renewable energies to allow long-
range transmissions between sources and consumers without the significant losses encountered with
standard power AC lines [2-3] (as example: Hydro-Quebec).

HVDC networks have many advantages as for instance an easier control of the desired power in either
direction. Moreover, they do not generate reactive losses. Nevertheless, DC DPS have their own
stability problems; with the integration of several subsystems, there is a high chance to cause system
performance degradations or even instability. A typical example is the system instability caused by a
constant power load, which dynamically behaves as a negative resistance [4].

In this framework, our study focuses on the design of the input filter which is associated with each
equipment. While ensuring the whole system stability, this filter has to prevent converter harmonic
pollution from being re-injected on the DC network. Furthermore, we propose to minimize the energy
storage in the filter (this criterion is correlated to the mass of the components, which is a very
important issue for aircraft applications). Stability studies about the implementation of an equipment
(with its filter) in a DC network are commonly carried out using a criterion based on impedance ratio



study, introduced by Middlebrook in 1976 [5]; we propose here a solution using the Routh-Hurwitz
criterion.

This paper presents a tool based on an analytical approach in order to help designers in filter sizing,
taking into account both stability and quality criteria. First, we build a linearized model of the whole
system, starting from a circuit description. Then, stability is highlighted using an absolute stability
criterion, well appropriated to the form of our model. Quality criteria are added to finalize the filter
design. For each stage, it is possible to check the obtained results by mean of time domain simulations.
Subsequently, optimization algorithms are introduced. They allow the sizing of large sets of
parameters while satisfying the previous mentioned criteria.

Studied system and modelling method

A DC DPS supplying several loads is considered; the latter are mainly electric drives. Due to their
efficient control, they may absorb an almost constant power, which is a well known condition for
destabilization of their input filter [4]. First, the case with one drive (Permanent Magnet Synchronous
Machine (PMSM) with its associated inverter connected on a HVDC bus) is presented (Fig. 1).
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Fig. 1: First studied system

Introduction of used models for the different parts

Supply model

The voltage source is a three-phase variable frequency generator (typically 360Hz<f<800Hz) which
supplies a DC bus through a rectifier unit. This set is modelled with an equivalent DC voltage source
(Ve) in series with a resistor (Ryouee) and an inductor (Lyoyree)- Rsource models any aspect of the wires
(ohmic characteristic, skin and proximity effects [6]). It also figures the overlapping introduced by the
rectifier [7]. If the AC/DC stage of the supply includes an auto-transformer unit, its actual
characteristics are also taken into account with the Ry and Lgguee components. Finally, a capacitor
(Chys) 1s installed between bus terminals to smooth voltage.

Equivalent admittance modelling the frequency behaviour of the drive

PMSM electrical expressions are expressed in a Park frame (1). The mechanical speed is supposed
constant because the inertia of the rotating parts is high.

v.(0)=RI,()+ 1, %)

dl
V,(e)=RI,(t)+ L, — e (¢)

Then, the control system is associated to these equations, considering compensation loops. Indeed, the
inverter is torque controlled using integral proportional regulators on (I;) and (I;). The analytical



expression of the load admittance is developed from the power balance between AC and DC sides of
the inverter. After linearization around an operating point, equation (2) is obtained. The model has
been validated comparing its Bode diagram with the one obtained with a circuit simulation software
(Saber).
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This expression depends on the physical parameters of the PMSM (the statoric resistor (R;), the
statoric inductor (L4), the number of pole pairs (N,) and the no load flux (¢)), the regulator
parameters (the proportional term (K,) and the integral term (7)) and the chosen operating point. The
determination of Y 4y. expression is detailed in [8].

Filter topologies

Two different topologies are considered in this paper. They are presented in the figures 1 and 8. The
first one is a simple L(C; filter. R, figures the ohmic characteristic of the wires between the DC bus
and the input filter; the additional inductance is included in L. This filtering cell allows to remove the
switching harmonics on the bus. The other filter topology adds a second cell for damping purpose
composed by a resistor in series with a capacitor. This cell, connected in parallel, allows to
compensate the PMSM negative equivalent resistance which is an instability source [4]. Moreover,
this latter reduces resonance risk of the LC cell.

Automatic model building

Using the admittance model of the drive, the whole system analytical state equations are automatically
derived from a circuit description of the network. A dedicated package (Syrup [9]), associated with the
symbolic computational tool Maple is used for this purpose. This method proves to be very convenient
as it allows to investigate any network architecture or filter topology, with a very fast model building.

lioad Model automatically built in Maple

Netlist Transfer function
Ve 10 Voa(5) Rels)
—— HS y (S): load - drive
C B V,mm. Ly ’ Lf l 2 ’ - y;(s) Rdrlve(s)+[’fs+Rdrive(S)Lfosz
‘ N cf 2 0 ’ ;
" Rdrive 2 0 with: R, (s)=
}/ydnve(s)

Fig. 2: Synoptic of the model building



Stability and quality criteria
Stability criterion

The main objective is to ensure the whole system stability. Therefore we apply the Routh-Hurwitz
absolute stability criterion to the model established in the previous section. Stability is discussed
according to Ly and Cy filter parameters (Fig.1). Several values are varied for both parameters and the
Routh-Hurwitz criterion is applied on each point. In this case, the obtained result is presented in figure
3: two areas associated with stable and unstable conditions are separated by the stability limit. This
result takes into account all the system elements. In order to check this abacus, time domain
simulations (Saber software) are performed for different sizings, noted “1” and “2” (Fig.3).

The chosen pattern is the following: the system is initially placed in steady state condition computed in
the case of a stable design. Then, a step is applied on the rectified generator voltage (V.) from 540 to
550 Volts. The stability is evaluated by mean of the Vpc voltage. Waveforms on figure 4 are in
accordance with the design points highlighted on the abacus.
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Fig. 4: Vpc voltage evolution
(a) Ly = 1.1mH and Cy, = 8uF (stable area)
(b) Ly = 1.3mH and Cy; = 8uF (unstable area)

Fig. 3: Abacus with stability criterion

Filter design

Stability criterion has reduced the design domain for L, and Cj; to the stable area plotted in figure 3.
However, this result is not sufficient, as it is not taking into account the system dynamic. This is why
quality criteria will now be introduced in order to finalize the filter sizing. They are illustrated on the
simple case used previously (Fig.1). The LC filter design method has to abide by two criteria: the cut-
off frequency and the damping factor.

Filtering criterion

For filtering purpose, we first consider the cut-off frequency of the filter. On the abacus (Fig.3), this
quantity defines a straight line (logarithmic scales). It introduces a first relationship between the values
of the inductor and capacitor parameters. In the example of figure 5, a value of fiyworr = fiwitching/10 1S
chosen.

Transient response

In a second step, we want to ensure a minimal damping of the Vp¢ voltage. Thus, LC filter parameters
must be sized so that the dominant pole damping is equal to or even higher than the minimal chosen
damping factor. The choice of this criterion is similar to quality standards used by aeronautic designers
(MIL-STD 704). Indeed, to fulfil signal envelops defined in these standard is equivalent to specify a
minimal damping.



Poles and theirs associated damping coefficients are numerically computed from the whole system
model, for LC values of which points belong to the cut-off line. The starting point is taken from the
intersection point between the stability limit and the cut-off line. Algorithm stops when filter
parameter values fulfil our requirements. Abacus so completed is presented figure 5 for a minimal
damping of 0.06.
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Fig. 5: Abacus with the cut-off frequency line (f.,..; = 2kHz) and
with filter parameter values for a damping factor equal to 0.06

Method Validation

Figure 6 presents the frequency analysis performed after time domain simulation; establishing the
accuracy of the chosen harmonic softening. Moreover, voltage at the load terminals with figure 5
conditions is plotted figure 7: obtained damping validates our filter sizing.

To conclude on this part, the three developed criteria used simultaneously end up with a complete
filter sizing. Nevertheless, abaci limit the number of dealt parameters: hence we have chosen to entrust
this study to optimisation algorithms.

Optimisation algorithms

The previous method allows to automatically choose two parameters according to stability and quality
criteria; the approach can be performed on a graphical basis, once the abacus is available. In order to
increase the number of handled parameters, optimization algorithms are introduced.
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Fig. 6: Cut-off frequency allows to reduce Fig. 7: Vpc voltage evolution with Fig.6 values:

switching fundamental harmonics of 40dB. simulated damping factor is equal to 0.06



The criteria are translated into constraints; and the used convergence criterion is the minimization of
storage energy in inductive and capacitive components. Two different kinds of algorithms have been
used: the first is based on gradient convergence; the second one is a genetic algorithm (GA). In both
cases, the obtained results from those algorithms are compared to the ones obtained from the abacus
method, considering the system presented in figure 8.

The source model remains the same. The purpose is to size the first filter cell composed by an inductor
(Lg) and a capacitor (Cg). Others filter parameters (Rp and Cp) are fixed according to the following
requirements: Ry, is used to compensate the equivalent negative resistance of the drive and Cy, is used
to reduce the resonance effect brought by the LC filtering cell. Thus, this branch behaves as a positive
resistor at the filter cut-off frequency.

Applying the sizing tool with the stability and quality criteria defined previously, the abacus (Fig. 9) is
plotted.
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Fig. 8: Second equipment considered in this study Fig. 9: Obtained abacus for the second
equipment

A set of points, regrouped on the yellow line (thick line), fulfils the requirements. This study is now
processed with algorithms.

Gradient algorithm

First, an algorithm based on the Hessian of the convergence criterion is used (Fig.10). The Matlab
function “fmincon”, used for this purpose, attempts to find a constrained minimum of a scalar function
of several variables starting at an initial estimate. It is possible to drive the algorithm toward different
optima using additional weightings. These weightings allow to minimize more or less some
parameters according to the wish of the designer. For example in figure 10, the optimum obtained with
weightings minimizes more the inductance compared with the capacitance.

All the found optima belong to the line obtained with abacus method (Fig.9). So, the proposed values
well respect the laid down constraints; in other words, this first kind of algorithm gives correct results.
Nevertheless, only the optimum is returned by the algorithm; and consequently, the designer does not
have any alternative. He cannot choose a solution less satisfactory according to the minimization
criterion, but more interesting from a realization point of view, which is very difficult to quantify. This
is the reason why GA are now introduced.

Genetic algorithm

Subsequently, a crowding based GA is used (Fig.11) [10]. This kind of GA has the distinctiveness to
look for several solutions in the given excursion windows (within the bounds). The objective here is to
widen the result spectrum in order to increase the possible choices for the designer.



We decide to use the Restricted Tournament Selection (RTS) algorithm, which adapts a tournament
selection for multimodal optimization [11]. RTS initially selects two elements from the population to
undergo crossover and mutation. After recombination, a random sample of w individuals is taken from
the population. Following this way, each offspring competes with the closest sample element. The
winners are inserted into the population. This procedure is repeated N/2 times per generation (N
denoting the population size).

The objective function combines minimization criterion to constraints weighted with a coefficient (3).

i Xmax_Xm'

2
X-X . .
Jon = ZP{—’”"’} + 10’ (constraints) (3)
m

This function aims at the minimization of the vector X parameters, which are ranged from X, to X,
All its terms are normalized in order to avoid scaling problems. The multiplier coefficient (10°) is
chosen heavy, so that when one constraint is disregarded, f,,; becomes heavy too. In these conditions,
the solution is very penalized and so, not kept by the algorithm.

RTS finds several solutions composing the domain represented with blue line (between points marked
“4” and “7”) in the figure 11. To note that weightings used in this case are: 70% for L;; and 30% for
Cﬂ.
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Fig. 10: Results obtained using Fig. 11: Results obtained using
Gradient algorithm Genetic algorithm

The value of the objective function is associated to each found solution. So, the designer can compare
the obtained results, and fix the filter parameter values among the best possible combinations. In the
table I, the f,, values are given for the points marked from “1” to “7” on figure 11. They are also
graphically represented in figure 12.

Those results well illustrate the possibilities of this algorithm, which gives a set of solution, quantified
with the f,,; value.

Outcomes

In both case, found results are in accordance with the ones obtained from the previous method.
Optimization algorithms allow the sizing of more than two parameters, associating the minimization of
energy storage to the stability and quality constraints. Moreover, RTS GA returns several possible
solutions which can be qualified according to the objective function value. It will be used in the
following part on more complex systems.
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Table I: f,5; values for points of the Fig.11 : =

.
Point Ly (uH) Gy (uF) Jobj CC\@ a0

I 6439 9835  -5.789107 10°

2 110.79 57.23 -9.556 107

3 231.91 27.50 -3.784 10° 106 -

4 516.18 12.72 - 1.865 107

5 49.85 127.23 -6.582 107

6 3670 17783 - 1.04110° 107

5 1741 37475 4232 10° Fig. 12: Graphic representing the f,,; value

according the chosen point

Study of more complex system, considering more than 2 parameters
Complete sizing of the second filter topology

First, we consider the previous system (Fig.8) where all filter parameters are unknown. Constraints are
the following:

e System has to be stable;

f:vwitching .
f;ut-off (LC) — 10 >

fcm-off (RC) < fcm-aff Le) >
e Dominant pole damping factor > (.06.

The convergence criterion includes the minimization of Ly, Cpy, Cp and the maximization of R.
Inductance and capacitance range from 107 to 10, and resistance from 10™ to 107 Usually, Ry is
sized considering the drive as an equivalent negative resistor (constant power load). This case
corresponds to the worst conditions for stability point of view. In our case, Y. expression (2)
includes all drive information (both the frequency behaviour and the equivalent negative resistor): so
Ry is more accurately sized. Weightings used in this case are: 50% for Ly, 10% for Cy, 20% for Ry,
and 20% for Cp.

RTS returns the results presented in Table II and time domain simulation gives the waveform plotted
in figure 13.

Voltage evolution illustrates the stable behaviour of the system. Measured damping factors are equal
to 0.184 (higher than the waited damping equal to 0.179). So, simulation results meet the chosen
specifications.

Table II: Obtained results for the system of Fig.8

Solution found Associated constraints
Highest pole

Ly =53.22uH real part = -311.65 (<0)
Cf] = 11898].1F > fcl =2000Hz
RQ=IOOQ fcz = 1500Hz

Cp=1.061mF Damping of dominant

pole=0.179
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522.0

Sizing of several filters in a network context

System presented in figure 15 is now considered. It consists of two equivalent loads connected on the
same DC bus through two different filter topologies. The purpose is to automatically size these filters,
with the same conditions than previously. The set of unknown parameter is {Ls;, Cy1, Lpi, Cpopy Ry,

Cpo}.
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Fig.14: Studied network composed by two loads

After computation, we obtained the following results (Table III). Weightings used in this case are:
25% for Ly, 10% for Cyyy, 25% for Ly, 10% for Cpy, 15% for Ry, and 15% for Cps.

Table III: Obtained results for the system of Fig.14

Optimum found Associated constraints
Ly = 61.53uf Highest pole real part =-267.36 (<0)
Cp1 = 102.94uF Damping of dominant pole = 0.171
Ly = 64.80ui1 faueotricr = 2000Hz

C}Q[ = 97. 75,uF
szz = 71000 feuorriLca = 2000HZ

Cpo = 1.416uF feurorrre2 = 1124Hz

Time domain simulation gives the waveforms plotted in figure 15. They represent the input voltage
evolution of both drives: Vpc; and Ve, (Fig.14), which are in agreement with the requirements; thus
ensuring the validity of this method.
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Fig.15: Input voltage evolution after a step applied on V,

Conclusion

To conclude, a tool allowing the filter sizing is presented. It attempts to minimize the energy storage in
inductive and capacitive components while respecting stability and quality constraints. The first step is
the automatic model building from a circuit description of the system. Then, the Routh-Hurwitz
criterion is applied on the model to assess system stability. Quality criteria are finally introduced in
order to complete the filter sizing. Thus, the filtering function through the cut-off frequency and the
damping factor considering the dominant pole are highlighted. The use of RTS, a crowding based GA,
gives several domains among the best solutions. The constraints linked to the realization and the
convergence criterion value allows to guide the designer in the choice of its parameters.

This research is being conducted in the frame of the MOET project (More-Open Electrical
Technologies), a FP6 Furopean Integrated Project.
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