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Abstract - Key areas in the development of More Electrical Aircraft (MEA) are,

currently, DC power distribution in higher voltage levels and the use of disruptive
technology such as Wide BandGap (WBG) semiconductor. Using WBG components
(SiC and GaN) increases the power converter mass density. However, fast switching
of WBG components (tens of kV/us) induces voltage transient overshoots due to
parasitic coupling within the inverter. In addition, propagation and reflection
phenomena along the harness, even for small lengths, cause voltage overshoots across
the loads. Such overvoltage in an electromechanical chain (association of inverter,
harness and motor) supplied by the new HVDC 540V aeronautical network could be
fatal for the Electrical Insulation System (EIS). This paper proposes an accurate and
fast model to predict overvoltage along a harness; it allows to analyze the impact of

SiC inverter output voltage waveforms.

Keywords— Overvoltage, SiC inverter, Frequency modeling, More Electrical Aircraft

(MEA).
1. INTRODUCTION

Background:

The progressive replacement of hydraulic and
pneumatic circuits by electrical systems [1], together
with the rationalization of electrical energy resultin a
considerable gain of mass in modern aircrafts. In
order to effectively respond to the growing need in
electrical energy, the voltage level aboard new
aircraft generations has grown frodll5VAC to
230VAC This has given rise to a nelVDC +/-
270Vinstead oft270VDC

However, this new voltage level, combined with
transient overvoltage along the harness (from the
output of the inverter to the supplied load) and with

aiming to predict overvoltage at any point of the
electromechanical chain right from the design phase.

Scope and outline of the work:

Since the beginning of the 20th century, the problem
of transient overvoltage has been particularly
addressed in the field of electric power transport.
They are caused in particular by the switching of the
semiconductors and by the lightning aggression.
Since the emergence of IGBTSs in the late 1980s, this
problem has started to be addressed in relation to an
electromechanical chain [2, 3].

In this paper, we focus on the overvoltage caused by
the harness. We have developed a distributed
parameter model of harness. It is accurate, nonlinear
with respect to frequency, very fast and can also be

aeronautical constraints, such as low pressure and easily coupled with a model of the inverter and that

high temperature, can be fatal for the Electrical
Insulation System (EIS), which lifetime can be
reduced by partial discharges and breakdown.

Wide Bandgap (WBG) semiconductor technologies
(Silicon Carbide — SiC, and Gallium Nitride — GaN)

are currently under evaluation to be used in
converters for motor drives in MEA. These inverters
can be localized close to the motors, or deported

(usually in pressurized area). In the second case, the

connection between the inverters and the motor is

ensured by a power cable called “harness”. In such

electromechanical chain, high transient overvoltage

at the motor terminals can appear; the latter are even

increased by the use of fast WBG semiconductors,

such as SiC MOSFETSs. This paper presents a study

of the motor.
2. TRANSIENT OVERVOLTAGE MODELING

Almost all the works dealing with overvoltage in the
literature simplifies the electromechanical chain
(generally a three-phase system) to an equivalent two-
phase system. It is assumed that the inverter
modulator only switches one leg inverter at a time.
Then, for the case of three-phase inverter with three
legs, there are always two parallel legs of inverter in
steady state with a return third leg that is switched.
According to [3, 4], , using this hypothesis, the
modeling by an equivalent two-phase line gives
satisfactory results. Thus, since the objective in this
paper is not to study the effects of multi-conductor
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electromagnetic  cross-talk  phenomenon  on
overvoltage, we will adopt the two-phase system
modeling.

2.1. TRANSMISSION LINE HARNESS MODEL

The basic cable model used to analyze overvoltage is

based on a temporal lossless two-conductor
transmission line model, characterized by a
propagation delay t, and a characteristic

impedance.. This approach is derived from the
domain of telecommunications [5], and the waves
theory. In this approach, the inverter is considered as
a voltage source with a series impedance (almost
always neglected); the cable is terminated by a load
impedance which represents the motor (it is often
assumed to be higher thak®).

The difference between the line characteristic
impedance and its two termination impedances
(called an “impedance mismatch”) causes the
phenomena of wave reflections.

The overvoltage is thus the result of summing
incident inverter voltage waves and reflected waves
traveling between the inverter and the motor. The
lossless transmission line assumption is often
adopted, and, and Z, parameters are generally
assumed to be independent of the frequency (non-
dispersive line), which leads to inaccuracies.
Moreover, the iterative nature of a time-based
resolution can generate cumbersome computation
time. For that reason we select a frequency domain
simulation approach.

2.2. FREQUENCY MODELLING OF THE HARNESS

The harness is described by a two-conductor
frequency model (Fig. 1), characterized by its primary
parameters: RLCG(jw) and by its secondary
parameters: propagation functiop.(jw) and the
characteristic impedanée(jw). j is the complex
operator (2 = —1) andw is the angular frequency.

Ygw) —Z.(w) Z motor(jW)

Zinverter(jw)

vatOT‘ (]W)

Vinverter (] w
[
| I

e el
—————— T mmad

______

zy (mH?ry
Ly (jw). Az
zy (mN)?

R21 (]W) Az

Ry, (jw).Az Ly, (jw). Az

Fig. 1. Proposed equivalent two-phase model of
electromechanical chain.

The harness (Fig. 1) chain-parameter matrix
ABCD.(jw,z=1L1) is obtained from an exact
mathematical solution of the two-conductor
propagation equations [6]. It can be written as
follows, z being the position:

() = (523)
~(c0ws o) (o))
Equation 1

where:

A.(jw, z) = cosh(y.(jw).z)
{Bc(iw,z) = —Z,sinh(y,(jw). 2)

C.(w,z) = —sinh(y.(jw).2) /Z,

D.(jw, z) = cosh(y,(jw).z)

reGw) = [(RGW) + JwLGw))(GGw) + wCGw)
L7y — \](R(jw) + jwL(jw))

G(Gw) + jwC(jw)
R(jw) = R11(Jw) + Ry, (jw) — Ry (Jw) — Ryy (jw)
L(w) = Li1(jw) + Ly Gw) — Ly, (jw) — L1 (jw)
Equation 2

The parameters introduced in Equation 2 are
represented on the electrical circuit of Fig. 1.

Based on the superposition theorem, the only
drawback of this model lies in the difficulty of taking
into account the non-linearity effects with respect to
the current and/or voltage (saturated inductance,
diode...)[6]. This will not be considered in this work.

Note that, this approach allows to easily take into
account frequency effects (skin and proximity
effects) on thkLCG harness parameters.

The inverter is modeled as a voltage source with
series impedance and the motor as a back
electromotive  force vpororjwy) With  series
impedance. The inverter, the harness and the motor
models are concatenated by simply multiplying their
chain parameter matrix. The voltage(jw, z)) and

the current {(jw, z)) quantities atz position are
computed from their values at the input of the cable
(atz = 0).

Fig. 4 summarizes the frequency resolution algorithm
adopted in this work. It calculates the steady-state
voltages and currents at any point of the harness in an
extremely fast way (few seconds). The inverter
voltage can be either derived from measurement or a
priori defined waveform approximation (usually
trapezoidal) (Fig. 4).
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Test bench and characterization method used for We applied this method in a test bench used for
measurement of inverter voltage are presented in the measurement of switching characteristics. A test

next section. board, specifically designed to characterize the
CAS100H12AMBIC module, is presented in Fig. 2.
3. CHARACTERIZATION OF SIC INVERTER This bench is used to build a mapping of switching

losses, switching speedy/dt) and also overshoot
One of the advantages of using SiC components in versus DC bus voltagédc, line current’ and driver
inverters is that they switch very fast and produce low parameters (gate-source voltdQgs, gate resistance
losses: this reduces the need of cooling and thus the Rg and dead timé®T).
inverter weight. Losses in these components depend
on conduction and switching losses. Conduction
losses can be calculated using information provided
by component’s datasheet. Switching losses are not 18k Turn-off
always accurately calculated using datasheet because
either there is not enough data given by
manufacturers or these data are not representative of
losses in the actual converter.

19+ qRe=1Q Rg=1Q

Turn-on

—
~

Rg=50Q

—_
(=]

dv/dt (kV/us)

H
=

Switching energies in datasheets are often measured
using the “double pulse” method [7]. This method has

serious drawbacks including current sensing using

resistors or current transformer which changes the
commutation loop resistance and the current in the , . , ‘
transistor’'s parasitic capacitance which is not 500 1000 1500 2000 2500
measured by this method. As a consequence, the Switching Energy (ul)

calculated switching energy may be inaccurate, @

especially when it is applied to fast switches such as

,_
W

Reg=10Q

._
[\S]

Rg=1041

—_
—

=]

SiC transistors. & e
Rg—1€2
A more accurate method for measuring switching 180 )
losses in fast components such as SIiC and GaN 160t Fomon
transistors is called the “modified opposition method” |,
and is explained in [8]. This method consists of an =
association of two identical half bridges containing 4 g 120}
identical devices (SiC MOSFETs in this case) 'Eja 100
supplied by the same source. One half-bridge 2
operating as a generator and the other as a receptor.o i
An inductive link connects both converters and the 60| 12 ResQ
control of the current flowing from one half-bridge to 40| Turn-off ®Rg-10Q N
the other is made by small differences applied to the Bl
duty cycle and phase-shift of the applied switching M pres 1000 — m—— .
signals of both half-bridges. Like this, one can Switching Energy (uJ) )

estimate turn-on and turn-off losses separately.

(b)

Fig. 3. Relationship between switching energies and
(a) switching speed and (b) overshoot, for different
Rg, atVdC = 540Vand|inver[er: 50A.

As an example of results, Fig. 3-a shows the
relationship between switching energies (at turn-on
and turn-off),dv/dt and gate resistance®lA4, for a

DC bus voltage 0540V andVgs = 20V. The same

is shown in Fig. 3-b, but related to the overshoot
during commutation.

The characterization results show that the higher
theRg, the lower both overshoot and switching
speediv/dt but the higher the switching losses.

Fig. 2. Developed test board used for switching Note that, when changinRg from10Q to 10, total
characteristics measurements energy (turn-on + turn-off) decreases from around
2850 to 930 1/ (3 times lower switching losses).



ELECTRIMACS 2017,M-6" July 2017, Toulouse, France

However, maximumiv/dt and maximum overshoot
increases 1.5 and 4 times, respectively.

In the next session we use these experimental data and
the developed propagation model to study the impact

of fast switching on the harness output overvoltage.

4. OVERVOLTAGE ANALYSISBY SIMULATION:
TRAPEZOIDAL APPROXIMATION OF SIC
INVERTER WAVEFORM

Overvoltage at motor’s terminals is strongly related
to harness length and also to inverter waveform
dv/dt (controlled by Rg in our case). In the
following, we propose a parametric study of the
overvoltage as a function of these two parameters.

The results presented below ufCG harness
parameters calculated by the Finite Element Method
(FEM) usingFEMM software. The harness consists
of two parallelAWG18aeronautical cableEN2267—
010A. For simplicity we represent the motor by a
constant resistance equal t6,;,.,, = 500012.

The inverter is often approximated to a trapezoidal
source voltage (the inverter internal impedance
Zinverter 1S Neglected). Fig. 5 shows an example of
the rising edge of a trapezoidal voltage waveform at
the output of a converter. Thi/dt of each curve
corresponds to that measured during the SiC
MOSFET characterization (Fig. 3), for three different
Rg (1, 5 and 1Q).

Ll Trapezoidal
waveform approximation
Uiny (t)
» or
RLCG(jw) ...
/ w / FFT

! T
Zinvertcr(iw) YOW) - Zc(jw) Zmomr (]W)

z z
;SE )
z=0 z=1
v
FFT™!
¥
Voltage and current along harness
- V(z,t)
- I (Z ’ t)

Fig. 4. General synoptic of proposed overvoltage
calculation algorithm

The developed algorithm shown in Fig. 4 is used to
calculate the voltage waveform at motor terminals
caused by trapezoidal inverter waveforms (Fig. 5).
Results are shown in Fig. 6 and Fig. 7.

__500 [ ,f?_
= H
T ¢
2 400 i
= § mamam R =1 Ohm
[=] 4
> F s R =5 Ohm
5 300 5 #
2 § R_=10 Ohm
= a
3 £
2 /,
L 200 / #
s |/
£ 100 :
e
7.8 7.82 7.84 7.86 7.88
Time (s) x10°8

Fig. 5. Trapezoidal approximation of SiC inverter
output waveforms for differerRg, atVdc = 540V
and inverter output currehfverer= 50A.

For a given inverter voltage waveform, the maximal
overvoltage increases with respect to the harness
length. Its maximum value is achieved at the so called
critical cable length (Fig. 7). For harness lengths
greater than the critical cable length, the overvoltage
value decreases slightly as a function of harness
length due to losses. But it remains fairly close to
2p.u. (Fig. 6 and Fig. 7).

For this studied case (overvoltage following a single
edge), it is important to emphasize that the maximum
value of the overvoltage does not exceed 2p.u. (2
times DC bus voltage: 1080V).

= 1000 A [ R =10hm
= h‘ ."\‘ .......... R =5 Ohm
[~ I
E 800 '; X L R =10 Ohm
g i I fiﬁ%
g 600 ] L :;; ‘& !’ v
: A\ /a7
w 1 1 O %
o 400 i i fi 1o !
g & ‘1_:.,,_’ f N
[=] ’ LY
E 200 f '\," \f u‘
6 01____’[

7.8 7.82 7.84 786 7.88 7.9 792 794 796

Time (s) =108

Fig. 6. Overvoltage at motor terminals obtained by
simulation using trapezoidal inverter waveforms
(Fig. 5) for differentRg atL = 3m.

The overvoltage results obtained with trapezoidal
waveforms (Fig. 7) are similar to the trends proposed
in theEIC standard 60034-18-41

The adopted frequency approach allowed us to
reproduce results well known in the literature in a
very simple and extremely rapid way (few seconds)
and with a better numerical accuracy.
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The trapezoidal waveform hypothesis considers the
inverter as a perfect voltage source: in other words the
dynamics of its output voltage is not affected by the
inverter’'s load (harness + motor). Of course, this
approach is not extremely rigorous, nevertheless it
allows us to highlight that increasing tRgis
potentially a very simple solution which would
significantly reduce motor overvoltage for relatively
small harness lengths; in aircraft applications, the
length of the harness varies from a few centimeters to
a few tenths of meters. The drawback of increasing
Rgis that switching losses also increaSedtion 3.
Therefore, to ensure at same time better inverter
energy efficiency and the EIS reliability, a trade-off
between losses and transient overvoltage must be
considered right from the design step.

-
-
o
o

=i
o
(=3
o

[
o
o

700

600

Overvoltage at motor terminal (Vpeak)

500

4 6
Harness length (m)

10

Fig. 7. Maximal overvoltage at motor terminals for
different harness lengths, obtained by simulation
using trapezoidal inverter waveforms.

5. OVERVOLTAGE VS. SIC INVERTER
EXPERIMENTAL VOLTAGE WAVEFORM

The fast switching of a SiC inverter generates very
complex resonance phenomena. The output inverter
waveform cannot be actually considered as a
trapezoidal waveform such as the ones of Fig. 5. The
experimental shapes depend on several parameters,
mainly on the power modules parasitics (loop
inductance, semiconductor output capacitance) but
also the output current and the DC voltage. In the
measurements presented below, voltage waveforms
present ringing phenomena2BMHzjust after each
commutation.

To study the impact of SiC inverter voltage waveform
on transient overvoltage, we carried out experimental
investigations using a two legs SiC inverter based on
CMF20120Dcomponents connected to a two parallel
aeronautical cablefAWG18-EN2267-010A)No
load is connected, which is a worst case in terms of
reflection on the load side. The three studied cases
are:

Case 1 — Overvoltage caused by a single
rising edge (Fig. 8).

Case 2 — Overvoltage caused by an inverter
voltage falling front edge followed by a
rising one (Fig. 9)

Case 3 — Overvoltage caused by resonance
between inverter and harness (Fig. 10).

For the two first cases (1 and 2) a long cable of 18.7m
is used, which causes a harness oscillation frequency
(around 2.25MHz) much lower than the characteristic
voltage inverter ringing frequency (around 25MHz).
Therefore, the two transient phenomena caused by
SiC inverter and cable are relatively decoupled.

Under the trapezoidal waveform assumption (as
shown in the previous section), overvoltage has been
shown to remain under 2p.u. However, as clearly
demonstrated by experimental test and simulation
(Fig. 8), overvoltage caused by single rising edge are
greater than 2p.u. In fact the overvoltage caused by
the inverter is superposed with that generated by the
cable.

We emphasize here the noticeable agreement
between experimental and simulated waveforms
during the first voltage pulse.

Case 2 is conventionally classified as overvoltage

greater than 2p.u.[3]. Indeed, supplying a harness by
a falling edge generates at its output an overvoltage
which varies between (-1p.u. and 1p.u.). Arising edge

generates an overvoltage between (0p.u. and 2p.u.). If
those two edges are sufficiently close together

(depending on pulse duration) they can either be

subtracted or added (Fig. 9). In the worst scenario

(addition), the overvoltage can reach 3p.u.

Case 3 uses a relatively short cable of 2.3m. At this
length, the cable presents a resonance frequency close
to the ringing frequency at the output of the inverter.
A dangerous resonance is observed (Fig. 10), caused
by interaction between the inverter overvoltage and
that of the cable, and it gives rise to an overvoltage
greater than 3p.u. in our case. To our knowledge, this
new result is original and was never addressed in the
literature before.

Measurement : Inverter output voltage

Measurement : Cable output voltage

Simulation : Cable output voltage using measured waveform
——— Simulation : Cable output voltage using trapezoidal assumption

251

< ~
T

o
T

Voltage (pu) , Vbase=70Vdc
=
T

5.04

0

5.12
x1078

5.06 5.08

Time (s)
Fig. 8. Overvoltage caused by a single rising edge
for Vdc=70V, Rg=1Q2, Vgs=24Vandcable
length=18.7m



ELECTRIMACS 2017,M-6" July 2017, Toulouse, France

" Measurement : Inverter output voltage USing th|S mOdel and the eXperimental
25 o Simulation : Cable outut voltage characterizations of a SiC inverter, a parametric study
. [ | - of the overvoltage at motor terminals versus SiC gate
E ol ? / i ] resistanc&k, and harness length is presented.
g | \
g 15 \ P _ ] We also show that the variation of the gate resistance
§ P 1Y N s \ / R, C_oul(_j be u_sed to mitigate motor overvoltage i_n
= | 1 {1 . applications with small cable length values (as in
2 o0sf i / \/ ] some aeronautical applications).
5 |
% of I\ | v 1 Experimental and simulation investigations allow to
> J identify the harmful effects of the voltage ringing at
03 u the output of the SiC inverter, which create very high
4 by voltage resonances capable to destroy the
4.95 5 5.05 51 515 52 electromechanical EIS.
Time (s) %1078
REFERENCE

Fig. 9. Overvoltage caused by a falling edge
followed by a rising one fovdc=70V, Rg=1Q0,
Vgs=24Vandcable length=18.7m [1]

Measurement : Inverter output voltage |
Measurement : Cable output voltage
Simulation : Cable output voltage

(2]

Voltage (pu) , Vbase=70Vdc

A

(3]

051

1.002 1.003 1.004 1.005 1.006
Time (s) %107

0.999 1 1.001

Fig. 10. Overvoltage caused by resonance between
inverter and harness fotdc=70V, Rg=1Q2, [4]
Vgs=24Vandcable length=2.3m

For the three studied cases, by using the measured
inverter voltage, our model is able to reproduce with
very good precision the harness output overvoltage.
The prediction error of the maximum voltage is less [5]
than 7%.

The inaccuracy in the critical case 3 is due to the fact [6]
that the interactions between the inverter and the
harness are not rigorously taken into account. Indeed [7]
the voltage of the inverter is based on measurements
and imposed at the input of the cable.

The simulation results show the relevance of the
proposed harness model. Future works aim to build
sophisticated inverter and motor models to rigorously
simulate the different interactions in [8]
electromechanical chain.

6. CONCLUSION

In this paper we propose a propagation frequency
model providing fast and accurate simulation of
overvoltage along the harness.
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