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Abstract—This paper focuses on a protection system from
lightning indirect effects applicable to power converters for avionic
applications. The case-study considered in this paper is a DC-DC
PWM Buck-Boost converter protected by a metal oxide varistor and
a series inductive blocking element. The converter is investigated
when operated a) in normal operating conditions, b) under lightning
indirect strokes without protection, and c) under lightning indirect
strokes with protection. A numerical model of the system based on
a finite-difference-time-domain scheme is proposed. Validation of
the system is performed through a comparison with experimental
measurements and alternative numerical modeling techniques,
showing the effectiveness of the blocking system and the accuracy of
the proposed model.

Index Terms—Power Conversion, Aircraft lightning effects,
Varistors, Inductors, Numerical Analysis.

|I. INTRODUCTION

HE modern avionic sector is becoming more and more

electrical in the sense that modern electrical equipment is
replacing the classical mechanical one [1]. The selection of
electrical equipment over the mechanical is a tradeoff between
the functionality over the robustness. Among the electrical
equipment involved in this trend, PWM DC-DC power
converters are crucial. They are simple well-known circuits [2-
4], and even if they are widely investigated [5-6], several issues
are still open and challenging for research and application. A
fundamental requirement for power converters is their ability to
regulate the output voltage, keeping its value constant under all
operating conditions, including transients to ensure the overall
supplied system stability [7-10]. Especially in avionics, the
reliability of the converter circuit becomes a mandatory issue to
be considered [11], so the severe transient condition viz. lightning
indirect effects must be investigated during the design phase. The
evaluation of the converter dynamic response is useful to estimate
its reliability and to evaluate its performance [12-13]. A widely
and commonly used evaluation method for the lightning indirect
effects is the test of the equipment by using the waveforms given
by the international standard for avionic applications [14-15].
The RTCA/DO-160G is one of the most used standards to
establish the airworthiness of aircraft during the lightning strokes
[16]. The above cited standard proposes different voltage and
current waveforms, pulses or damped sinusoids, with different
amplitudes and different coupling methods, for different
scenarios where the equipment under test will be installed. For
instance, the position inside the aircraft, the distances from the
shielding apertures, the cables length, the cable types (shielded or
not) etc. In this paper we propose a protection device for

equipment that mostly has to withstand slow waveforms called
4/1 and 5A/5A. The analysis is done using those transients to
determine the voltage and current levels on the power converter
components during typical indirect lightning phenomena.
Sometimes these levels can overcome the safety limits of the
components, and the effects are temporary faults or permanent
damages [17]. For these reasons, during the design stage of the
converter, it is very important to simulate the indirect lightning
effects and check the corresponding immunity levels [18-19].
When the test severity overcomes the strength of the converter
components, a suitable protection device must be used [20]. In
this paper, the effects of indirect lightning pulses on a PWM DC-
DC power converter are modeled, and a suitable protection
system consisting of the combination of a series Blocking
Inductor (BI) and a Metal Oxide Varistor (MOV) is designed and
tested. This configuration has been previously presented and
studied in [21] in a standalone configuration. It can protect
sensible devices that require low clamping voltage during severe
lightning phenomena. This combined filter exploits the damping
effect of the BI to mitigate the pulse current in the MOV with low
clamping voltage. Effectiveness of the protection system is
strictly dependent on the equivalent impedance of the Equipment
Under Test (EUT). The analysis presented in [21] with the
proposed protection device was not complete rather partial,
because the EUT was a simple linear and time-invariant dipole.
In this paper, the BI-MOV protecting device is tested in
combination with a real PWM DC-DC converter, which results
to be a non-linear and time-varying EUT. This work completes
the analysis started in [21] proving the method reliability and
effectiveness for an operative case, useful from the practical point
of view. A typical PWM DC-DC Buck-Boost (BUBO) power
converter is selected for the evaluation of the effectiveness and
the reliability of this technique in the avionic environment,
because it provides an output voltage, which cane both higher and
lower than the input voltage. The system under study is simulated
using the Finite Difference Time Domain (FDTD) numerical
scheme. This study also provides the basic guideline to design the
BI-MOV combination to meet the constraint of space and
payload for the onboard equipments. The results computed by
using the FDTD approach are compared with those obtained from
the State Space Approach (SSA) implemented in commercial
codes like MATLAB/SIMULINK®, and, also, with those derived
via dedicated circuit simulation environment such as LTspice®,
for some basic test cases. The effects of non-linearity, switching
transients, and parasitic components are taken into consideration.
A prototype of a BUBO converter with the combined BI-MOV
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has been built, and the computed results validated by means of
dedicated experimental tests using a standard lightning generator
for lightning indirect effects in avionics [16].

II. DC-DC BUBO CONVERTER DESIGN

A DC-DC BUBO converter circuit is shown in the Fig. 1(i). It
consists of a power switch Q (MOSFET), a diode D, an inductor
L, with its equivalent series resistance R;, and an output capacitor
C. The voltage generator V},, the inductance L; and the resistance
R; model the input test voltage pulse to the converter circuit, and
R is the load resistor. Fig. 1(ii) presents the equivalent circuital
model of the power switch Q and diode D used to perform the
switched simulation of the circuit depicted in Fig. 1(i). In
Fig. 1(ii), the switch S;, the resistance Rs and the inductance Ls
model the power MOSFET, similarly, the switch S, the voltage
generator V7 and the resistance Rd model the diode. Assuming a
Continuous Conduction Mode (CCM) operation for the converter
circuit, and according to the design procedure given in [7], the
minimum inductance L can be calculated as

L. = Rznax (I_Dmin)2

min
2fs
where, R;"* is the maximum value of the load resistance, D, is

minimum duty cycle the converter is operated at, and fs is
switching frequency. Assuming R;"* to be 50Q, and D, to be
0.2, the inductance minimum value is Ly, = 160pH. The
minimum value of capacitance C that ensure a ripple lower than
AVcis given by

— V(;nax Dmax

Cmin = A1 D
f:S' AVC R’nin

(1)
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Fig. 1. (i) Schematic diagram of the DC-DC BUBO Converter, (ii) adopted
circuital model of power Mosfet (Q) and diode (D).

where, V,"* is the maximum output voltage, D is the
maximum value of duty cycle and R, is the minimum value of
load resistance. Assuming Dyx=0.8, Ru.n=50Q, then,
V" = ViDpax/(1-Dimax) =48V. To ensure a maximum ripple
AVcof 200 mV, filtering capacitance C must be larger than
Cuin=38.4uF; C =66puF is selected. The inductor has been
assembled by winding 38 turns of a 40AWG Litz wire on a
Yuxiang®, model ETD39 N77 core with two air gaps of 0.2 mm
each. Litz wire has been used to reduce skin and proximity effect
at switching frequency fs of 100 kHz. According to currents and
voltage stress values, a Vishay® IRF740 power MOSFET, with a
drain to source breakdown voltage Vps= 400V, and a continuous
current at 25°C Ip=10A has been selected. Similarly, a Panjit®
model SB140 diode with a maximum DC blocking voltage
Vpc=40V and a maximum average forward rectified current
Iruy=1A has been selected. The converter components
parameters are listed in Table 1.

III.  MODELLING OF THE Dc-DC BUBO CONVERTER AND THE
SIMULATION OF THE INDIRECT LIGHTNING EFFECTS

The switching sequence applied to the switches S; and S; of the
BUBO converter are in the logical NOT to each other. Moreover,
the parasitic capacitance of the BUBO inductor Cp is considered.
The direction of the different branch currents and the polarity of
the voltages are positive according to Fig. 1. The quantities of
interest obtained from the simulations are current and voltage of
the converter components. Usually, the normal BUBO operation
is achieved assuming V;, as a DC voltage source, whereas, in this
paper, the input source generates several waveforms according to
RTCA/DO-160G to evaluate the indirect lightning effects [16].

A. FDTD approach

The CCM operation of the converter is based on two states
alternating in the time: S; ON - S, OFF and S; OFF -S> ON. The
application of Kirchhoff’s voltage and current law for these two
states results in the following volt-amp balance equations

v, (R + R~ (L, +Ls)%—V,_ =0 )
dl
V,-R,I,~L—=0 4
L LTL dt
v.+rc e g (5)
dt
av
I-1,=Cp = b=0 (©)
vo+rl, +RC, Ve s g Ve —g (7
dt dt
VoV, -R,, —Rdcp%—m = ®)
I1=0 ()]

where (3) to (6) represent the S; ON - S2 OFF state of the circuit,
whereas (4) and (7)-(9) are valid for the S; OFF- S> ON state of
the circuit. Equations (3)-(9) can be discretized using the Crank
Nicholson algorithm in the FDTD scheme [22]. The solution of
the system yields the four quantities 7, I;, V; and Ve, where Vi is
the voltage across the inductor parasitic capacitance Cp. The
other quantities viz. the switches voltages and currents are
derived from these four quantities. Switches S; and S must
conduct only in the forward direction as indicated by the
arrowhead, this is obtained by an external control.

B. State Space approach

The converter time-domain response is determined by integrating
the state equations of the circuit. Since the converter can be
represented in two operating conditions, S; ON and S; OFF, one
sets of state equations is formulated each condition. The state
variables are the currents on all inductors and the voltages across
all capacitors, including the parasitic elements. The S; ON and S;
OFF circuits with the numbered state variables are shown in
Fig. 2, where the total input resistance is Ri,—=(Ri+R;), the total
input inductance is L;,=(L;+Ly), and the current-controlled current
generator, represnting the the diode non-linear characteristic is

ID:min(O, W} (10)

d
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where Vr is the diode forward voltage and Ry is the diode series
resistance. The state equations for the two operating conditions
are

(11

X :i _ﬁ_ln
C\ R c 1 x
_E_[n

T C
X, :Z(XJ _RIXZ) o
SION: 5 S1OFF:{x, :Z(x3 —R.x,)
XJZ*(XA»_XZ"'[IJ) . 1
Cr XJZF(_XZ+[IJ)
Xy :%(Kr1 -R,x, 7"3) !

in

The time-domain evolution is computed through the forward
Euler method. For the k-th state variable we have

(12)

According to the state of the switches, the correct set of
equations are used to compute the time domain evolution of the
converter. The state variable x4 is not present in the S; OFF
operating condition (since the open-circuit switch is in series with
the relative L;, inductor), and for this reason, it is directly forced
to zero in this state.

xk(t+r):xk(t)+).ck(t)-r

A Iq Iq
' e P
R, L
Cp ::) c::> R% Cp :§ c::) R
L X3 Xy L X3 Xy
X2 X,

Fig. 2. Circuit for operating conditions. S1 ON left, S1 OFF right.

C.Indirect Lightning Effects and the Response of the Power
Converter

The direct lightning current stroke to the outer skin of the
aircraft creates a time changing magnetic field. This magnetic
field induces a transient voltage in the wirings of the onboard
electrical equipment. This induced transient voltage can upset or
damage the electronic equipment onboard the aircraft, the
phenomenon is commonly known as indirect lightning effect.
The standard [16] used in this study defines the combination of
various types of waveforms and the test procedures, in particular,
the Fig. 3 shows the unipolar double exponential voltage/current
pulse that is used for the paper purpose. Waveform 4/1 and
waveform 5A/5A with amplitudes ranging from level 1 to level 5
are defined for the pin injection test procedure. They are
relatively slow rising transient waveforms as compared to the
other waveforms considered in the standard. Depending upon the
amount of electromagnetic shielding and the type of
electromagnetic coupling viz. structure coupling, aperture
coupling, etc., each equipment must comply with different
amplitudes of these waveforms. The waveforms of the
appropriate wave shape and amplitudes are modelled using the
parameters given in Table II.

For Waveform 4/1
T1=6.4ps = 20%
T2=69ns = 20%

For Waveform 5A/5A
T1=40ps = 20%
T2=120ps = 20%

________ A\ <<—50% of Peak

Amplitude of voltage/current [V/A]

T1 T2

time [s]

Fig. 3. Double exponential waveform 4/1 and waveform 5A/5A.

The response of power converter to the lightning waveforms
can be determined, for instance, by using the approach mentioned
in the sub-section A, where, Vi, in (3) is the indirect lightning
voltage, R;and L; are the lightning generator internal resistance
and inductance, respectively. Figures 4, 5 and 6 present the
current and voltage along the BUBO converter MOSFET, Diode,
inductor, and output capacitor, upon the application of the level
4 amplitude of the waveform 5A/5A. The absolute maximum
voltage limit and the current limit (dashed red lines) of the
prototype converter components used in this study are specified
in the same figures. It is evident that the components current and
voltage limits are easily exceeded during the lightning stroke.
The level 4 amplitude is one of the most severe transient
amplitude the EUT should qualify for, and this is the reason it has
been selected to predict the response of the converter.
Experimental measurements have not been performed in that case
because the power converter components would have been
certainly damaged or destroyed.
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IV. LIGHTNING PROTECTION OF THE POWER CONVERTER:
SIMULATION AND DESIGN

The simulation results shown in III.C predicts that the voltage
and current across the elements of the power converter exceed
their safety limits during lightning events. The use of a robust and
efficient protection system is mandatory to ensure the
uninterrupted operation of the converter during such lightning
strokes. The MOV is the most frequently used protection device,
therefore, it has been selected for this study.

A. Power Converter protected by MOV: Modeling and
simulation.

The MOV is connected across the point 4-B of the BUBO
converter reported in Fig.1(i) to protect the converter from
indirect lightning; in such configuration it is able to protect the
downstream components due to its capability to sink a larger
share of the transient current [23]. The MOV is modelled as a
non-linear resistance R, with a parasitic capacitance C, in
parallel [24]. The parameter C, is specified in the varistor
datasheet e.g. for EPCOS®, it is generally specified for 100 kHz
[25]. The non-linear resistance R, is calculated as follows,

8
n+ n (g-1) 1
le:Ki*Vre/'*([V)g *[]
‘ I;ef

1
g=—
a .

where, V,.ris the reference voltage specified in the datasheet at a
reference current /..,~1 mA, Iy is the current passing through the
non-linear resistor R,,. The non-linear Volt-Amp characteristic of
the MOV is divided into three regions, each having its unique set
of values for parameters K and o [26]. The values of K and a for
three regions are evaluated from the measured clamping voltage
and the varistor current. The deviation between-measured and
calculated R,, is minimized to determine the value of K and o.
The value of R, for n+/ time step during the simulation is
calculated using the current through R, i.e. Iy in the n™ time step.
Parameters K, a, V,r and I, the model and the manufacturer of
the MOV are specified in Table III. For the circuit reported in
Fig.1(i), after the insertion of the MOV across A-B, the
application of Kirchhoff voltage and current laws (KVL, KCL)
results in the volt-amp balance equations reported below.

dil

(13)

V.,-IR -L,—-1,R, =0 (14)
dt

VE _IVRm = 0 (15)
dl dl

V, -1, R —sz—l,‘R,‘ _LT;ZO (16)

I-1,-1,-C,—%=0 a7)
dt
av,
L=l =C, = k=0 (18)
I,=0 (19)
I-1,-C, Ve _y (20)
dt

where, VE is the residual voltage across the MOV. Equations (4),
(5) and (14)-(18) represents the S; ON - S> OFF state of the
circuit, whereas equations (4), (7)-(8), (14)-(15) and (19)-(20) are
valid for the S; OFF - S, ON state of the circuit. In analogy with
the section III-A, equations (14)-(20) can then be discretized
using the Crank Nicholson algorithm in a FDTD scheme. The
solution of the system yields the values of seven quantities 7, I,
Iy, I, Vi, Vi and V. The other quantities viz. the voltage across
the switches, and the current passing through them can be
deduced from them.

B. State Space approach to simulate the Power Converter
protected by MOV

The approach is very similar to the one shown in Sec. III, the
MOV device has been represented as the parallel connection of
an ideal capacitor C, and a non-linear resistor R,. The
relationship shown in (13) is not suitable for formulating the state
equations. The non-linear resistor is used in a KCL to compute
the instantaneous current on the capacitor. Since R, is
represented as a current-controlled resistor, using it to formulate
the KCL would yield an implicit equation. Solving these
equations would increase the computational time and may
introduce convergence problems. Therefore, the R,, component is
represented as a voltage-controlled current source as follows.

Ve=1, R,

g

(2]
Ve

1 8
Ki'Vrf-?/' .(ﬁmf)

where the parameter g in (21) is same as the one mentioned in
(13). K and a reported in Table III are still valid in the boundaries
of the voltage V. The circuit is analogous to that shown in Fig. 2
with the MOV connected between A and B.

To reduce the computational complexity and to avoid
divergences, the connecting wires parasitic inductance L; was
neglected. States S; ON and S; OFF state equations are

* 1 x
x"E(_E_[”] );]_l(j_ j
- D
. cl R
X% :z(xz_Rsz) 1
C xn=—(x-Rx) (22)
S ON:<x, =—(x,—x,+1,) S, OFF 5 ., 1 ( )
P X, =—(—x +[D
o\
. 1 P
Xy zi(_Rs Xy =% +x5) .
L X 1 [[ + m_XSj
s~ | v
. 1 [ Vm—x5 ] Cm R
X, =—|1,+ -
o R

The new state variable xs, is the voltage across the parasitic
capacitance C,, of the MOV. In the S; OFF condition the x, state
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variable (current on the parasitic inductance of the switch) is
forced to zero, thus the relative state equation is not necessary.

C. Computations and Results

The MOV required to establish a desired protection level in the
power converter is mainly guided by the absolute maximum
ratings of the constituent elements viz. MOSFET, Diode,
Capacitor, and the BUBO Inductor. The MOV with the lower
clamping voltage and the highest possible current rating is
selected for the converter used in this study. Figures 7, 8 and 9
represent the transients appearing across the components of the
converter protected by MOV. The transient has been lowered to
the extent depending upon the clamping voltage of the MOV. The
comparison of the results shown in Figs. 4, 5 and 6 with those
shown in Figs. 7, 8 and 9, respectively, is useful to comprehend
the MOV effectiveness in lowering the converter component
transient overvoltage/overcurrent.

The current sinking in the MOV during the lightning stroke is
shown in Fig. 10. Almost the entire short circuit current provided
by the Lightning Generator (LG) is taken by the MOV. The
lifecycle of the MOV itself highly depends on the amplitude and
duration of the current passing through it. The MOV
manufacturers provide their derating curves indicating the
lifetime of MOV, which is the number of strokes of a current
pulse of a given amplitude and duration that the varistor can
withstand without getting destroyed.
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Fig. 7. Mosfet current (left) and Mosfet voltage (right) protected by MOV
during the level transient waveform 5A/5A level 4.
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Fig. 8. Diode current (left) and Diode voltage (right) protected by MOV
during the transient waveform 5A/5A level 4.

The numbers of strokes are defined for the rectangular type
current pulses in the varistor datasheet, so it is necessary to
convert MOV other wave shaped currents into rectangular
equivalent type pulses to determine the varistor lifecycle [27].
The technique proposed by datasheets is explained in the Fig.10.
This 700A, 85ps current pulse can destroy the varistor used in
this simulation (see table IIT) within one to two strokes [25]. One
approach to solve this problem would be to reduce the MOV
current by using a higher clamping voltage MOV, but it will
increase the residual voltage, which, in-turn, lowers the safety
margin available for the converter components.

Current [A]

time [s]

X 104 time [s] X 10'3

Fig. 9. BUBO inductor current (left) and output capacitor voltage (right)
protected by MOV during the transient waveform 5A/5A level 4.
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Fig. 10. MOV current during the transient Waveform 5A/5A, level 4.

Another way to improve the service life is by using the parallel
combination of MOVs to share the current equally among them.
The manufacturer specifies the tolerance level in the clamping
voltage for each varistor, which means that it is impossible to
manufacture identical twin Varistors. During the parallel
operation, one can turn on sooner than the other. This causes the
unequal sharing of current among the MOVs and might even
cause a single varistor to take all the currents [27]. There is also
a practice to use a series insertion resistor along with only one
MOV. The problem with the series resistor is the insertion loss,
as it must handle the entire normal load current. The use of series
inductor in the place of a series resistor with the MOV is a better
solution to the problem. The BI has been combined with a MOV
to protect, in general, an Equipment Under Test in DC power
lines in [21]. The BI has negligible insertion loss and has been
already used as an effective solution to dampen the transients in
power transmission lines. The transient wave is dampened to
certain extent by a BI due to which, the MOV must handle
reduced amplitude of the transient wave. Taking a cue from the
above-mentioned facts, section V presents the modelling details
and the simulation of the power converter protected by the series
inductor BI and the MOV. The physical model of the series
inductor is based on the geometrical parameters of the core,
which makes it useful for the design of the core for the desired
applications.

V. Mov AND BI FOR ROBUST AND RELIABLE PROTECTION
OF THE POWER CONVERTERS

The BI selected for this study purposes is an inductor with a
toroidal ferromagnetic core as shown in Fig.11 (i). The core
consists of thin laminated tape of silicon iron alloy having a non-
oriented grain (NOG) structure. For the condition depicted in Fig.
11 (ii), the magnetic field H has nonzero Hzcomponent along z-
direction, and it is uniform along the x-direction.
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Fig. 11. (i) Qualitative picture of the toroidal ferromagnetic core of the
inductor, (ii) Cross section area of the ferromagnetic sheet.
The propagation of magnetic field H in the core can be
modelled by the diffusion equation

0°H aMm _ \ oH |
=0 Ul 1+ ==

o0y dH . ) Ot
where, Mzis the non-zero component of the magnetization along

z direction. The initial conditions and the boundary conditions
required to solve (23) are

(23)

M.,

H_(y0)=0;, M_(y0)=0; =D, (24)
z(y ) z(y ) dH_ » 0
Hz(b’tj:Hart :ﬂ; oH, =0 (25)
2 / oy

where Dy is the initial value of the magnetization derivative and
it is determined by using the measured virgin curve of the
material. The diffusion equation (23) has the second order
derivative in space and the first order derivative in time. The
thickness b of the lamination sheet is discretized in muqx number
of points along the direction y to solve (23). More details about
the modelling of the ferromagnetic core inductor using the
diffusion equation can be found in [21]. The paper here presents
the implementation of that formulation for the proposed DC-DC
power converter. The Fig. 12 shows the circuit of the converter
protected by MOV and a series blocking inductor. In analogy
with the previous sections, the Crank-Nicholson discretization in
FDTD can be used to solve the diffusion equation of (23) and
gives
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— . . AN—] I—
I Rio Lo Vi I IP Ra Vi
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Fig. 12. Circuit utilized to study the MOV and the series inductor
performances to protect the converter from indirect lightning.
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where, n is the time step number, m is the space step number
along the y-axis, ¢ is the electrical conductivity of the
ferromagnetic core, u, is the vacuum magnetic permeability, M
is the magnetization. Discretization of (23) results in (26) m=0,
and (27) for all other steps excluding m=0 and myuax, Where mmqx
is the total number of space steps. The other necessary equations
result from the application of Kirchhoff’s volt-amp balance
equations in the circuit shown in Fig. 12, and are
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where Rj is the sum of R;and the BI winding resistance, Lj is the
sum of L;and the BI leakage inductance, / is the average length
of the toroidal core, N is the number of turns in the winding of
the BI, n, is the number of laminated rings in the BI core, d is the
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thickness of the lamination sheet, a is the width of the Lamination
Sheet, and H.. is the magnetic field at the surface of the
lamination sheet. In our application, we are dealing with the
unipolar double exponential transient waves. The magnetization
behaviour of the core material under these circumstances can be
accurately incorporated by considering the core anhysteretic
behavior representation, which can be modelled according to

M =a tan " (bH )+ cH (39)

where parameters a, b and ¢ define the shape of the anhysteretic
curve and are calculated from the series of measurements
applying certain optimization technique viz. least square error
method [28]. Values of the parameters a, b and ¢ are given in
Table IV. The S; ON - S, OFF state of the converter reported in
Fig. 12 can be simulated by solving the system of equations (26)-
(34). The S; OFF - S, ON state of the converter reported in Fig.
12 can be simulated by solving the system of equations (26)-(31)
and (35)-(38). The solution of (26)-(28) gives H for m=0 to myax
points in the lamination sheet of the series inductor. The current
I is evaluated from H.,, by using (25). The quantities along the
converter components can be evaluated accordingly after the
solution. The current in the MOV after the use of the series
blocking inductor is reported in Fig.13. The current through the
MOV is reduced from 700A to 450A for the level 4 amplitude of
the waveform 5A (see Fig.10). The MOV used in this simulation
can withstand the 105 ps current pulse of 450A for up to 15
strokes [25]. The MOV current reduction amount depends on the
size of the series blocking inductor. The parameters of the series
blocking inductor are reported in Table IV. The model of BI-
MOV combination is also based on the geometrical parameters
of the BI core, so it helps in the optimal design of BI to save the
space and payload onboard. A suitable design procedure is the
following: a) define the maximum cross section area 4., of the
Bl core; b) define the maximum value for the mean length /ux
of the BI core; ¢) define the maximum BI weight wya; d) select

the BI wire with a cross section S corresponding to the nominal
EUT current; e) determine the initial guess for the number of
turns N using the relation N = (Buax “Imax)/( nax *tin ) Where Biax
~1.6-1.7 T to avoid deep saturation, /. is the maximum current
of the selected MOV, usi, is the magnetic permeability of the BI
core in the linear part of the anhysteretic curve; f) determine the
initial guess for a, d and n, using the relation W = Amax * bnax
pret2-(a+d-ng)-N-S- pcu, where pr. and pc, are the iron
and copper density; g) utilize the numerical model presented in
this paper, implemented in a recursive optimization procedure, to
determine the best values of N, a, d, and n,. The goal is to
minimize the BI volume and weight, and DC-DC converter
voltages and currents during the lightning strokes. In the
recursive optimization procedure, the initial values of the
parameters are defined in e) and f).

I. EXPERIMENTAL VALIDATION FOR THE RELIABILITY
ASSESSMENT OF THE NUMERICAL SIMULATIONS.

The results predicted by the simulations were validated by
experimental tests to demonstrate the viability of the protection
system and the adopted modelling technique.

400

300

200

current [A]

100

time [s]

4
x 10

Fig. 13. Current through the MOV in the presence of series blocking
inductor during the level 4 amplitude transient of the waveform 5A/5A.

BN oNE R \

Fig. 14. The prototype and the experimental setup to validate the
simulation results.

The prototype and the experimental setup is shown in Fig. 14,
where A is the BUBO converter prototype, which was realized
using the components shown in Table I, B-C are the combined
MOV-BI, D is the 3525 Pearson Electronics current probe with a
5 Hz - 15 MHz bandwidth, 0.1 Volts per Ampere sensitivity, E is
the lightning generator, F is the BUBO power MOSFET driver
circuit power supply, G is the Tektronix TDS 2024B digital
oscilloscope having a 200 MHz bandwidth and 2 GS/s sample
rate, H is the P6015 Tektronix voltage probe having attenuation
ratio 1000, I is the HAMEG HMS&131-2 signal generator
providing the PWM signal to the power MOSFET drive, J is the
Micsig DP10013 high voltage differential probe with a 100 MHz
bandwidth measuring the voltages across the diode and MOSFET,
and K is the ground plane. Two lightning generators were used to
generate waveforms 4/1 and 5A/5A as shown in Fig. 15.
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Fig. 15. Simulated and measured open circuit voltage generated by the
LG for the level 3 amplitude of waveform 4/1 (left) and waveform 5A(right).
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A. Reliability Assessment for the Converter Normal Operation.

The measurements were performed at different duty ratios to
evaluate the converter performance during the normal operation.
Fig.16 reports a comparison between the simulated and measured
waveforms of Ve at D=0.8. This voltage starting transient the
steady-state values obtained from four different simulation
approaches are compared with that measured. Measured
waveform shows some oscillations, which are due to parasitic
elements neglected in the converter model. The simulated results
are in a good agreement with those resulting from measurement.

25
|
20f
> |
|
()
> 15‘r[
3 | Measurement
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|
| State space
5 | — LTspice
i -
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0 0.01 0.02 0.03 0.04
time [s]

Fig. 16. Simulated and measured starting transient behavior of the
converter output voltage for the 80% duty ratio.

B. Reliability Assessment for the Converter Protected by MOV.

The lightning waveforms 4/1 and 5A/5A were applied to the
converter protected by MOV at the input terminals. The
measurements were made at D=0.5 and at different amplitude
levels of the lightning waveforms. To evaluate the computation
accuracy and reliability, a comparison between the numerical
schemes presented above, the commercial software, and the
measurements are given. Fig.17 shows a comparison of the
indirect lightning voltage waveform 5A/5A. The lightning pulse
was applied to the BUBO circuit protected by MOV. The several
computational approach results and measurements are in a good
agreement. Figures 18 and 19 present the computed and the
measured voltages across the diode terminals for the level 3
amplitude of the waveform 5A/5A, and the MOSFET for the level
3 amplitude of the waveform 4/1, respectively. The FDTD
simulations results are a good estimation of those measured.
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Fig. 17. Simulated and measured voltage V. in the BUBO circuit
protected by MOV for the waveform 5A/5A level 2 (left), level 3 (right).
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Fig. 18. Computed and measured diode voltage for the waveform 5A/5A
level 3 in the BUBO circuit protected by MOV.
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Fig. 19. Computed and measured Mosfet voltage for the waveform 4/1
level 3 in the in the BUBO circuit protected by MOV.

time [s] X 10-4

C. Reliability Assessment for the Converter Protected by Series
Blocking Inductor and MOV.

The waveforms 4/1 and 5A/5SA were applied to the converter
protected by the series blocking inductor and the MOV (see Fig.
12). The tests were done at a D=0.5. The comparison between the
simulated and measured output capacitor voltages for 2, 3 and 4
amplitude levels of the waveform 5A/5A are reported in the Fig.
20. The total currents / for the same three levels are shown in Fig.
21. Similarly, Figs. 22, 23 and 24 reports the same two quantities,
Iand V¢ at the amplitude levels 1, 2 and 3 of waveform 4/1. Apart
from some minor deviation in the quantity V¢ for some levels, the
simulation and measurement results are in good. Figures 25 and
26 present the computed and the measured diode voltages for
level 3 amplitude of waveform 4/1 and the MOSFET voltages for
level 3 amplitude of waveform 5A/5A, respectively. Voltages
and currents estimations are quite accurate. The simulations and
measurements have been performed upto level 4 amplitude of
waveform 4/1 and waveform 5A/5A. The results for some
amplitude levels have been reported in the paper keeping in mind
the available paper maximum length. Table V reports an easy
comparison of results for different protection schemes studied in
this paper.
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Fig. 20. Comparison of the computed (dotted line) and measured (solid
line) voltage V. (see Fig.12) for 3 amplitudes of the WF 5A/5A.
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Fig. 21. Comparison of the computed (dotted line) and measured (solid
line) current | (see Fig.12) for 3 amplitudes of the waveform 5A/5A.
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Fig. 22. Computed and measured current | (left) and voltage V. (right)
for level 1 amplitude of the waveform 4/1 in the circuit of Fig.12.
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Fig. 23. Current | (left) and voltage V. (right) for WF4/1 level 2 (Fig.12)

The quantities trend shown in Table V is consistent for all the
other lightning waveforms amplitude. The high frequency
switching action of the DC-DC converter during its operation
results in erratic and chopped MOSFET and diode voltages. These
waveforms are highly sensitive to the circuit parasitic elements.
An accurate modelling of parasitic components for circuit
simultaions is cumbersome, this is the reason why it is difficult
to match MOSFET and diode voltage waveforms amplitude with
its exact wave shape. The calculated and measured diode and
Mosfet voltages in figures 18, 19, 25 and 26 are consistent in
terms of their amplitude and slightly different in terms of their
wave shapes. Maximum value accuraret prediction and
waveform envelopes with the same order of magnitude can be
assumed as satisfactory results. The maximum value is
significative, because it is important to identify a possible
breakdown. A small errors in estimating the B-H operating point
from the hysteresis model, and the V-I operating point from the
MOYV model also contribute to the difference between simulated
and measured results.

I. CONCLUSION

A model of a DC-DC converter, useful to design a suitable
lightning transient protection system for avionic application, has
been discussed in the paper.
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Fig. 24. Current | (left) and voltage V. (right) for WF4/1 level 3 (Fig.12)
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Fig. 25. Computed and measured diode voltage for level 3 amplitude
of the waveform 4/1 in the circuit of Fig.12.
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Fig. 26. Computed and measured Mosfet voltage for level 3 amplitude
of the waveform 5A/5A in the circuit of Fig.12.

A PWM DC-DC Buck-Boost converter has been selected. The
model also incorporates the parasitic elements of the converter
circuit. The combination of a MOV and a series blocking inductor
to provide robust and reliable protection to the converter from
lightning indirect effects in avionic environment has been
considered. The proposed protection system, along with the
converter has been modelled using an equivalent circuital
approach and the magnetic diffusion equation in one dimension.
The magnetization process of the series inductor core material
has been modelled using the experimental virgin curve. The
numerical computations have been done using a Crank-
Nicholson approach in FDTD scheme. The computation results
for some of the analyzed cases have been verified by using a) the
State Space Approach, b) MATLAB/SIMULINK®, ¢) LTspice®.
The good agreement between the simulated and measured results
for all the examined cases, for different amplitude levels of
different indirect lightning overvoltage waveforms, indicates the
practical efficiency and usability of the proposed model when
applied to a real power converter, updating previous validation of
the model which was achieved only on linear time-invariant
circuits. The paper also deals with practical issues regarding the
protection of sensitive low voltage avionic equipment from very
high voltage lightning transients. The analysis presented here, for
an open loop controlled converter, is also valid and useful for the
closed loop control. Since the lightning waveforms defined by the
standards are relatively short duration transients, the frequency
contents of such waveforms are up to the range of several
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hundreds of kHz, and such frequency range is usually greater than

TABLE V
the crossover frequency of the closed loop system. As a COMPARISON OF RESULTS FOR DIFFERENT PROTECTION SCHEME
consequence, the controller may not be able to attenuate such . Protected by Protected by
£ . .. . . . Parameter No Protection
requencies arriving at the input terminals of the converter during MOV MOV-BI

the lighting events [29]. However, this issue deserves further MOV Current - 700 A 450 A
investigations that can be an interesting starting point for a future Mosfet Voltage 730V 60V 8V

. s P Diode Voltage 710 V 75V 30V
work. Further possible developments consist in the application of .

. Capacitor Voltage 160 V 27V 30V
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