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ABSTRACT This paper studies the excitation of torsional vibrations by electromechanical interaction after
the connection of electrical loads. Electrical generation and power system in aircraft are becoming of key
importance, especially considering the current roadmap for aerospace systems’ electrification. However,
since the drivetrain which links electrical generators to the main engine is relatively flexible in most aircraft
structures, torsional vibrations can be excited by the sudden connection or disconnection of electrical loads,
thus increasing the drivetrain’s fatigue and reducing its reliability and lifetime. Because of the increased
amounts of intermittent electrical loads on aircraft systems, which excite torsional vibrations through
electromechanical interactions, the electrical load connections are investigated in this paper. Specifically,
a method for reducing torsional vibrations in aircraft drivetrains is proposed to extend their lifespan. This
method is applied directly to the load being connected and it proposes the connection of the electrical loads
following a pulsating pattern, for which the pulse connection time is determined as a function of the drivetrain
vibration modes. Simulations results show that the proposed method provides a significant reduction in the
drivetrain shaft torsional vibrations. Experimental results validate the simulation data showing the benefits
this method can provide in drivetrain reliability, weight reduction and cost.

INDEX TERMS Aircraft power systems, aircraft propulsion, electromechanical effects, engines, more

electric systems, vibration control.

I. INTRODUCTION
Air traffic is increasing at a rate of 4.8% per annum [1],
producing 2% of anthropogenic CO; emissions [2] and, with
the ongoing rise in passengers, it is estimated that this number
will increase to 3% by 2050. To decrease the impact of the
aerospace industry on the environment, the Advisory Council
for Aeronautics Research in Europe (ACARE) has set targets
for reducing CO» emissions of 75%, NOy emissions of 90%,
and acoustic pollution of 65%, respectively, by 2050 [2].
To achieve these goals and reduce the cost, aircraft’s fuel
efficiency must be improved.

A promising solution for reducing emissions is using more
electric systems, such as the More Electric Aircraft (MEA).
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MEA technology aims to replace the pneumatic, hydraulic,
and mechanical systems with electrical ones, reducing weight
and fuel consumption [3], [4]. Consequently, the Electrical
Power System (EPS) of MEA is considerably larger than
in a traditional aircraft, bringing new challenges to the sys-
tem design. In particular, MEA electrical loads are often
high-power transient or pulsating loads [4], [5]. For example,
solid-state phased-array radar loads, which typically require
up to 30 kW at a voltage such as 10 V., are pulsed and
have stringent ripple requirements [6]. Moreover, in B787,
loads traditionally supplied by the pneumatic system are now
electrical driven. These loads include wing ice protection sys-
tem (IPS), environmental control system (ECS), and engine
starting system [7].

Fig. 1 shows a schematic connection of these electrical
loads. The aircraft engine is connected through a drivetrain
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to an electrical generator that supplies the EPS, including
high-power transient or pulsating loads. One of the main
issues with this configuration is that, since the generator
shaft is designed to be flexible to reduce its weight, the
aforementioned high-power or pulsating loads connection
can cause mechanical vibrations in the system. In particular,
the increased level of coupling between the EPS and the
aircraft drivetrain excites torsional vibrations or twisting of
the shafts on their axis on the drivetrain shaft. These vibra-
tions can ultimately damage the drivetrain because of the
cumulative effects of vibrations over time, leading to fatigue
of the material [8], [9].

Engine Drivetrain

Generator EPS

Environmental

Engine Starter
System Control System

Solid State Wing Ice Electrically
Phased Array Protection Driven
Radar Actuators

FIGURE 1. Electromechanical system schematic.

This phenomenon, known as electromechanical interac-
tion, has been analyzed for aircraft engine systems in [8], [9].
These works identify the aircraft drivetrain natural frequen-
cies, propose reduced models of the aircraft electromechan-
ical interactions, and show that the connection of electrical
loads can excite torsional vibrations in the engine’s drivetrain.
The reduction of the torsional vibrations excited by elec-
tromechanical interaction was discussed in [10], it was shown
that ramping the torque can reduce the vibrations excited.
However, the optimal ramp slope value was not analyzed.
Thus, the load connection or the machine torque control can
take longer than needed, making the system unnecessarily
slow. A theoretical analysis of the ramp slope can allow an
optimal solution to be used. Therefore, the purpose of this
paper is to propose, analyze, and experimentally validate new
strategies for reducing torsional vibrations excited by load
connections in aircraft systems.

In other applications, to reduce the electromechanical
interactions, different approaches usually are considered. For
systems with periodic excitation, such as a generic drive sys-
tem, the drivetrain’s natural frequencies and vibration modes
are first identified [8], [11], [12]. The excitation of torsional
vibrations is then avoided by operating the system at dif-
ferent frequency values. For systems where electrical loads’
arbitrary switching produces electromechanical interactions,
the system is usually designed to have higher damping or
stiffness and hence move the mechanical frequencies outside
the operating areas [13]. However, this solution cannot be
used to aircraft systems, where weight and size reduction
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are important factors [8]. Other approaches suggest adjusting
the speed control of the machine, using ramp speed control
[14], [15] or applying filters and dampers to the speed control
[16], [17]. For example, some strategies propose the use of
closed-loop torque controllers using PI [16], [18], non-linear
controllers [19], and adaptive and predictive control [20].
The main disadvantage of these methods is that they apply
dampers to the mechanical system and they do not analyze
the mechanical properties and thus they can take a longer
time than needed. An alternative is the use of anti-resonant
filters [18], [21]-[23] that cancel the excitation of torsional
vibrations. In [24], a filter known as Posicast compensator
or input-shaping control is described. Input-shaping is an
open-loop control that defines an input profile that allows
obtaining the desired output [25], [26]. When the torsional
vibrations are excited by torque changes, the torque or load
applied can be defined as a function of the vibrations’ natural
frequencies, which allows eliminating the excitation of the
torsional frequencies after the load profile has been applied.
The connection pattern can be carried out in half a period of
the lowest drivetrain’s natural frequency, making the connec-
tion faster than what is obtained with other control strategies.
Input shaping strategies can be applied to any connection
pattern, including switching pulses, multiple smaller step
connections or ramps like the ones proposed in [15], allowing
the application of an optimal ramp that suppresses the exci-
tation of vibrations in a minimal time.

Additionally, most strategies used to reduce torsional
vibrations independently of the source of the vibrations are
implemented in the machine drive as an active damping
control [14], [15], [17]. This paper proposes a different
approach, which is focused on the source of the torsional
vibrations. For this reason, the proposed Posicast control is
implemented directly in the electrical loads, which excite
the torsional vibrations when connecting and disconnecting.
Since Posicast control can define any optimal input, in this
paper, an optimal pulse, which can be applied directly on
electrical loads of switching nature, such as IPS, is proposed.
This control strategy removes the need for additional control
components and can be integrated into the load connection,
making the proposed control strategy safe to apply in aircraft
applications.

The contributions of this paper are to:

« Propose and validate the use of a novel input-shaping
strategy to reduce the excitation of torsional vibrations
in aircraft applications.

o Describe a strategy to reduce the torsional vibrations
excited by the connection of electrical loads, which
is applied directly to the loads being connected. This
allows the reduction of torsional vibrations without addi-
tional components or controllers, making it practical to
apply.

o The reduction of torsional vibrations after the connec-
tion of electrical loads in aircraft applications is ana-
lyzed by simulation and validated experimentally using
a reduced electromechanical system model.
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The paper is organized as follows. Section II models the
electromechanical system. In Section III, a theoretical anal-
ysis of the dynamic interaction between load connections
and the system response is presented, and the strategy pro-
posed to minimize the effects of torque impacts is described.
In Section IV, simulation results are shown. In Section V,
the control strategy is validated through experimental testing.
Finally, in Section VI, conclusions are drawn, and the benefits
of the proposed strategy are analyzed. that

Il. MODELLING OF THE ELECTROMECHANICAL SYSTEM
The electromechanical interaction system must be studied
and modelled to reduce the torsional vibrations excited by
electrical loads. In this section, a reduced system with tor-
sional vibration features similar to those of an aero-engine is
described.

The electromechanical interaction model used in this paper
was developed in [9] and, as shown in Fig. 2, it comprises
the drivetrain (shafts and gearbox), generator and electrical
loads. In the following two subsections, the mechanical and
electrical systems are described in detail.

Motor J; J> Gearbox

Switching Signal J3 Legend
! 7 [ Coupling
i
I ! | @ Shaft
S S .
]'Li E Machine
’ []] Flywheel
1:® RP[ Js []] Gear
P Svst - Generator 7 A Bearing
ower System Js 5

Drivetrain

FIGURE 2. Electromechanical interaction system under study.

A. MECHANICAL SYSTEM MODEL

As presented in [9], an aircraft engine’s drivetrain can be
modelled by a reduced lumped mass system, in which loads,
shafts, and the gearbox are modelled in terms of inertia,
stiffness, and damping. Moreover, temperature and pressure
do not affect the lower frequency torsional vibration modes,
which are important in electromechanical interaction. There-
fore, as shown in Fig. 2, the drivetrain model connects the
engine spool to one generator through a gearbox with a
motor/generator.

The drivetrain consists of three shafts rotating at different
speeds, one connected to the prime mover, a middle shaft
rotating faster, and one connected to the generator, as shown
in Fig. 2. The central shaft is connected at both ends to a
wall, and it is used for experiments out of the scope of this
paper. The speed ratio between the three shafts is 1:3:1.5,
with the motor shaft the slowest and the central shaft the
fastest. The system is designed to have two vibrations modes
below 100 Hz, representing the torsional vibrations features
to those of the aircraft engine presented in [8].
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The machines, gears, and flywheels are symbolized as
inertia, while the couplings and shafts are characterized by
stiffness and damping. The state of each inertia is given by:

Jibi = Tim1i — Tiit1 (1
Tiiv1 = kiix1060; — 0ix1) + d; i11(6; — 6ix1) 2)

where J; represent the inertia value referred to the generator
shaft in kgmz, 6;, é,-, 6 are the angle in rad, the speed in rad/s,
and the acceleration in rad/s? of the inertia, and Ti—1,; and
Ti i1 are the torque applied and transmitted by the inertia in
Nm. The index i are given in Fig. 2. The torque applied by
the engine, represented by a motor, is Tp;; = T},. Instead,
in the case of the generator Tg9 = T, is the electrical
torque consumed by the machine. The rest of the torques
on the system are proportional to the difference of speed
and angle at each shaft and coupling ends and are given
by (2). Finally, k; ;11 and d; ;41 represent the stiffness and
damping of each shaft or coupling between inertias i and i + 1
referred to the generator shaft. The complete lumped mass
system is obtained applying (1) and (2) to the eight inertias
representing the machines, flywheels, and gears, as shown in
Fig. 2, resulting in the following system:

J% + Dx + Kx = f(r) 3)
with
_91 Tm
6 0
x= 6| f)=1]0
67 0
_98 T,
[J1 0 0 0 0
0o N 0 0 0
J=10 0 J3.456 0 0
0 0 0 J7 0
0 0 0 0 J
" dis —dp 0 0 0
—diy dip+dyy  —d 0 0
D=| 0 —dy3 dy+der  —dey 0
0 0 —de7 de7+ds —dys
0 0 0 —dig  dis
[ k12 — k12 0 0 0
—ki2 kip+kz — k3 0 0
K=| 0 —koz ks +ker — ket 0
0 0 — ko7  ke1 +kig — k7g
0 0 0 — k7g k78

where J is the inertia matrix, D is the damping matrix, K
is the stiffness matrix; x is the state of each element in the
system, and f(¢) is the excitation applied. Inertias 3-6 are
combined to reduce the system, obtaining inertia J3 4 5 6. It is
important to highlight that the system described by (1)-(3)
requires the knowledge of the mechanical system parame-
ters, and it is used to study the system behaviour. In real
aircraft applications, these parameters are usually known and
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present minimal variations during operation [9]. Neverthe-
less, an estimation through an appropriate observer may be
considered to improve the system knowledge [27].

B. ELECTRICAL SYSTEM MODEL
As presented in [9], the electrical system can be reduced from
an AC three-phase to a DC electrical power system, since
from the drivetrain and control perspective, the torque applied
is equivalent. This reduction allows simplifying the building
of the experimental setup while maintaining electromechani-
cal interaction characteristics similar to the ones of the MEA
and thus allowing the testing of the proposed control strategy.
The generator is represented by a DC machine with an
independent winding connection, operating with constant
field voltage. The output voltage is not controlled since it does
not affect the control strategy applied. The machine electrical
equations are given by

T, = kifig 4)
i

E =Raia+Lad—;‘+vo+va Q)

E = kifwg = kirfg (©6)

Vg = Reqia (7)

in which T is the torque producing the electromotive force E,
k is the back electromotive force constant equal to the torque
constant, iy is the field current, i, is the armature current, v,
is the armature voltage, R, and L, are the armature resistance
and inductance, V) is the voltage drop in the machine brushes,
and wg is the speed of the generator. R, is the total EPS
resistive load obtained from R.; = (R.Rp)/(RL + Rp),
where Rp and R;, are the resistance connected to the EPS,
as shown in Fig. 2. The load resistance R;, can be connected
or disconnected, thus changing the total load connected R,
by opportunely driving an Insulated-Gate Bipolar Transistor
(IGBT), which is used as an ideal switch. The torque applied
to the mechanical system Ty is given by:

Tg = Te + Tw (8)

where T, is the torque consumed by the machine windage.
Since the windage torque of the machine is usually much
smaller than the torque applied to the mechanical system,
T,, the system can be approximated by assuming T, ~ T,.
In this case, when operating with constant field current i,
the torque applied to the mechanical system depends only on
the armature current i, which is proportional to the electrical
load R, connected.

Iil. PROPOSED STRATEGY

This section describes the proposed input-shaping strategy,
which reduces the excitation of torsional vibrations after
electrical loads are connected. Posicast control defines an
input signal for a given plant as a function of the plant nat-
ural frequencies, which allows obtaining the desired output
[24]. Since input-shaping strategies depend on the system’s
plant, in this case, the aircraft mechanical drivetrain, next, the
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torsional vibrations excited by electromechanical interactions
are described. After, the input-shaping strategy is proposed.

The mechanical model described by (3) is a linear time
constant system. When a step connection f(¢) is applied to the
system at rest, the system modal response can be described by
the response of each vibration mode A; as given by

J=n
x(t) = Zhjexj(t—Tk) )
j=0
x(t) is the states’ response; in this case, the angles of each
inertia 0;, Ty is the step connection time, and 4; is the step
response of each vibration eigenvalue A;. A single step func-
tion will excite all modes of the system. If the system is
subjected to m steps with sizes p1, p2, ..., pm at the times
Ty, T>, ..., T, the response of the system is the sum of the
response to each step connection as given by

k=m j=n
x(t) = Zpk Zhjekj(t—Tk) (10)
k=0 j=0

The first vibration mode of the mechanical system is the
rigid mode 1o = 0. Thus, (10) can be rewritten by

Jj=n k=m
x(t) = hopo + Zhj Zpke)‘f(t_T") (11)
j=1 k=1

with pg = ZiZ']" pr the sum of all the steps being applied,
which are constant. Therefore, hopg represent the steady-state
response of the system.

The undamped and underdamped torsional vibration
modes studied in this paper can be modelled by the vibra-
tions’ frequency and damping. Therefore, the eigenvalues
are complex conjugate pairs given by (12), where wy; is the
natural frequency, wy; is the damped natural frequency, and
&; is the damping.

Since the exponential coefficient exp(Aj(t — Ty)) =
exp((—&jwp; & jwgj)(t — T)) has a real and imaginary com-
ponent, to guarantee that the step response h(t — Ty) is real,
the coefficients h; are also complex conjugate pairs. Now, the
vibration modes eigenvalues A; and the step response h; are
separated in their real and imaginary parts, A; = —§;w,jLjwy;
and hj = hj + jhjc respectively, and equation (13) is found.

n m
X(0) = poho + Y [y I lpee ooy
j=1 k=1

m
+jhje Y _[pre =GO tiea)t =T
k=1

m
+ hjy Z[pk e(—%'jwnj—jwdj)(t—Tk)]
k=1

m
— jhjec Z[pk e(—ijnj—./wdj)(t—Tk)]] (13)
k=1
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Writing the complex exponential component as a function
of sine and cosine, the response of a linear, time-invariant,
with viscous damping, and multiple degrees of freedom sys-
tem to a series of external step responses can be modelled by

x(t) = poho
n m
+ Y 12k > pret 5T cos(wgi(t — Ti))
j=1 k=1

m
+2hic Y pre” 5T sin(wgi(t —= i)l (14)

k=1
The torsional vibrations with the natural frequency wy;
are zero when the set of steps py at times T} is orthogonal
to the vibration mode. This condition is met when (15) is
satisfied. This means that by choosing the step value p; and
the timing of the step connection T}, as a function of the
vibration modes frequency wy; and damping &;, the excitation
of torsional vibrations after the connection of electrical loads

can be suppressed.

m
Zpkefgf‘””ﬂ" cos(wgjTy) = 0
k=1

m
> pre 5Tk sin(wyjTi) = 0 (15)
k=1
This paper proposes a load connection pattern that
solves (15) and can be applied to electrical loads in the
MEA, such as the IPS. This kind of load pattern is known
as input-shaping or Posicast compensator [24], [25]. Then,
the open-loop compensator connects a load f(¢) as a series
of pulses of values py = (—l)k‘H at times Tj. The timing
Ty of each segment of the load connection allow the elimina-
tion of the overshoot for systems with one or more natural
frequencies, as given by (15). By solving (15) with p;y =
(—1)**1 the excitation times Ty that suppress the vibrations
are found.

(a) Load Step Connection
- System 1 Shaft Torque Ty(%)

_ Gy(s)
R

(b) Input-shaping Load Connection

Load Connection
Ty(t) = Tyt }

Load Connection Shaft Torque
Ti(1) [ Control | Te(t) [ System Tt
L P(s)  Gufs)

l P(s)

FIGURE 3. System control diagram and torque response. (a) Without
input-shaping (b) With input-shaping.

Fig. 3 shows the expected transient response of a system
after applying a step without and with the input-shaping
strategy. In Fig. 3 (a), the load is connected as one step, while
in Fig. 3 (b), the open-loop input-shaping load connection
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is applied, and consequently, torsional vibrations are not
excited. In particular, Fig. 3 (b) considers the connection of
resistive loads as a series of on/off switching pulses. This
specific connection is applicable to aircraft loads, such as the
IPS, where solid-state switches connect electrical loads.

Replacing the load pulsating pattern py = (—1)¥*! into
(15) and expanding the system for n natural frequencies, the
following non-linear system is obtained.

'Z% (EDfFleaenTh cos(wy T |
D GO e e sinwai Ty
: =0 (16)

Zm_l (_ 1 )k+1 e_SnwllnTk COS((L)dnTk)
];ni _ 1kt o T
[ >, (D sin(@anT) |

The load connection times T} are found considering 77 <
T) <...<Ty <...<Tj,and T = 0. The number of steps
for a system with n frequencies is given by m = 2n + 1.
Being the system non-linear, it is not possible to provide
a closed-form for its solutions, which are found employing
offline numerical solver considering specific system param-
eters. In this work, OptiToolbox is used.

To analyze the behaviour of the proposed input-shaping
strategy, a system with one natural frequency is firstly stud-
ied. In this case, for one natural frequency n = 1, three pulses
are applied (m = 3) to suppress the torsional vibrations’
excitation. To study the solutions of the method, the time
connections are normalized by the period 7, and I'y :=
Ty /T) is defined. Likewise, the damping is redefined as § :=

£/y/(1 — £2). By substituting n, m, I'y and § into (16) and
considering that in the case of a single natural frequency
T = 0and I'y = 0, the following system is obtained:

1 — e 2m12 cos(27rT2) + 27913 cos(277T3)
2787 . =278l 1 = O
e 28in(2np) + e 3 sin(27T'3)

7

To understand the behaviour of the proposed input-shaping
method, Fig. 4 shows the solutions of the single equations
in (17) for different damping ratios values &. In Fig. 4 (a) the
solutions with & = 0 are shown, while in Fig. 4 (b) and (c)
the cases with & = 0.05 and & = 0.1 are presented. The
intersections (marked by *) of I'», I'3 represent the solutions
of the overall system in (17).

It can be observed that the system has multiple solutions,
of which only one is within half a system period, 27 /wg,
independently of the damping value . For this reason, even
if sets of load connection times longer than half a system
period are also possible solutions to eliminate the excitation
of torsional vibrations, the unique solution within half of the
system period is applied. This solution is shown in Fig. 5
for different damping values. Thus, there is always a stable
load connection in less than half the system period 27 /w,.
Moreover, while the connection times I'; and I'3 are evenly
distributed in time for low values of &, their values get closer,

VOLUME 9, 2021



C. Ahumada, P. Wheeler: Reduction of Torsional Vibrations Excited by Electromechanical Interactions

IEEE Access

increasing &€ and, at the critical damping, & = 1, their values
are equal. This shows that the input-shaping method is not
needed in highly damped systems.

(a)£=0 (b) £=0.05 () £=0.1
3 ST 3r—=——— 3r———=
2 ONS N /\-.\; Y 4 =
) 2 & % o 2 I~ N ) -
[ )N ‘\u'. ( — M W L) J (‘\
0 b N 0 YW (Y
0o 1 2 3 0o 1 2 3
FZ FZ

‘7sinc -—-cosine * salution‘

FIGURE 4. Solutions of the system in (17). I', (in blue) and I'5 (in red).
(a) Solutions with no damping ¢ = 0. (b) Solutions with damping & = 0.05,
(c) Solutions with damping £ = 0.1.

0.5
~ 047F
0371
0.2¢
0.1f

Time T

0 01 02 03 04 05 06 07 08 09 1
Damping &

FIGURE 5. Time connection as a function of £. I', (in blue) and T'5
(in red).

IV. SIMULATION RESULTS
The electrical and mechanical parameters of the system of
Fig. 2 are listed in 1. These values are selected to have natural
frequencies close to a real aircraft drivetrain, as shown in [9].
To test the step connection and show the electromechanical
interaction phenomena, a R;, = 5% resistive load is con-
nected to the system in Fig. 2, when operating in steady state
with a field current if = 6.2A and Rp = 60%2. Fig. 6 shows
the results obtained. In Fig. 6 (a) the armature (in blue) and
field current (in red) are presented. In Fig. 6 (b), the armature
(in blue) and field (in red) voltage are shown. In Fig. 6 (c),
the speed is given, and in Fig. 6 (d), the torque applied by the
machine (in red) and the shaft torque (in blue) are depicted.
As shown in Fig. 6 (b), v, is not constant since it is not
controlled. For this reason, the field current in Fig. 6 (a) and
the field voltage in Fig. 6 (b) remain constant independently
of the load R, connected. However, since T is proportional
to i, independently of v,, the torque waveform and, conse-
quently, its oscillations are not affected by armature voltage
v, variations. It can be noted that the load connection excites
a damped oscillation in the drivetrain speed, as shown in
Fig. 6 (c). This can be explained by looking at the torque
at the generator shaft Ty, = T 7 and the torque applied
by the machine T, as shown in Fig. 6 (d) in red. It can be
observed that the transient torque response of Ty, in blue
shows the excitation of torsional vibrations on the machine
shaft, demonstrating the electromechanical interaction.
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TABLE 1. Electrical and mechanical system’s parameters.

Parameter Value

Armature resistance R, = 4.0259)
Protection resistance Rp = 6002

Torque constant k= 0.1274 Nm/A?
Drop voltage brushes Vo =12.247V
Armature inductance Lqs =0.019H

J1 = 0.0026 Kgm?

J2 = 0.0172 Kgm?
J3,4,56 = 0.0151 Kgm?
J7 = 0.0386 Kgm?

Jg = 0.0005 Kgm?

k12 = 50403 Nm/rad
ko3 = 959.9111 Nm/rad
kg7 = 2239.8 Nm/rad
k7 = 113406 Nm/rad

Referred motor inertia

Referred motor flywheel inertia
Gears inertia

Generator flywheel inertia
Generator inertia

Referred motor coupling stiffness
Referred motor shaft stiffness
Generator shaft stiffness
Generator coupling stiffness

(a) Current (b) Voltage

—8 — 60
s o —
- 1]
54 &
ER) <20
“o Z 0
0 0.5 0 1 2
Time [s] Time [s]
¢) Speed d) Torque
- 1506 (c) Sp =6 (d) Torq
E 1504 Ly
B 1502 g
3 52
=) 5
“ 1500 =o
0.5 1 1.5 2 0 | 2
Time [s] Time [s]

FIGURE 6. Simulation step response of the electromechanical system.
(a) Machine armature (in blue) and field (in red) current (b) Machine
armature (in blue) and field (in red) voltage (c) Machine Speed

(d) Machine (in red) and shaft (in blue) torque.

To calculate the input-shaping load connection, the
mechanical vibrations frequencies are obtained through Fast
Fourier Transform (FFT) analysis of the shaft torque Ty,
after the step connection. The results obtained are shown
in Fig. 7. The Hilbert Transform Method combined with
empirical mode decomposition (EMD) is used to determine
the damping. The frequencies obtained are fj = 36.00 Hz,
& =0.0127, /, = 86.10 Hz and & = 0.0194.

IOU

36 Hz 86.10 Hz

Magnitude [pu]

0 20 40 60 80 100
Frequency [Hz]

FIGURE 7. Shaft torque T, Fourier analysis after a load step connection.

By applying the input-shaping method, described in
Section III, solved for the two drivetrain torsional modes
(fi = 36.00 Hz, & = 0.0127, and f, = 86.10 Hz,
& = 0.0194) of the system under study, the electromechan-
ical interaction effects can be eliminated. Fig. 8 shows the
results obtained for the electromechanical system operating
with constant iy when an electrical load Ry is connected
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using the proposed method. Fig 8 (a) and Fig. 8 (b) show
the system’s voltages and currents, respectively. The field
voltage and current are depicted in red, and the armature
voltage and current in blue. It can be noted that using the
proposed methodology, the load Ry is now connected in a
series of pulses, of which the number and amplitude are
found by solving the system of equation in (16), withn = 2
and m = 5. In Fig. 8 (c) and Fig. 8 (d) the system speed
and generator torque T (in red) plus generator shaft torque
Tsh = Te7 (in blue) are shown, respectively. The results
show that the connection of the electrical load using the
proposed input-shaping method cancels torsional vibrations,
and the load is connected smoothly without torque or speed
oscillations.

(a) Current (b) Voltage

—8 — 60
< = "
= g4
[0} 4 ]
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0 0.05 0.1 0.15 0 0.05 0.1 0.15
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FIGURE 8. Simulation results with input-shaping open-loop control.
(a) Machine armature (in blue) and field (in red) current (b) Machine
armature (in blue) and field (in red) voltage (c) Machine Speed

(d) Machine (in red) and shaft (in blue) torque.

Comparing Fig. 8 with the results obtained in Fig. 6, the
use of the proposed input-shaping strategy allows the elim-
ination of torsional vibrations after the sequence of pulsed
connections has been applied to the system. This strategy
is applied considering squared connections; hence, it can be
applied to systems where the inductance is much smaller than
the resistance. It is also clear that, when compared with other
strategies found in the literature for reduction of torsional
vibrations, such as ramp load connection and machine torque
control, the input-shaping technique allows the reduction of
the vibration in a minimal time. Since 75 = 12.544 ms,
the connection takes place in less than half a period of the
drivetrain natural frequencies (7,/2 = 19.698 ms), which
is hardly achieved with other strategies. Moreover, in ramp
connections, the proposed input-shaping strategy can still be
applied, and a minimum connection time or optimal shape
can be found.

Also, the frequencies excited in the shaft after the electrical
load connection are analyzed, calculating the FFT to the shaft
torque Tg,. The result obtained is shown in Fig. 9. When
compared to Fig. 7, it can be noted the system resonance
frequencies are suppressed, verifying that the use of the pro-
posed input-shaping methodology suppresses the excitation
of the mechanical natural frequencies.

Finally, to further study the proposed input-shaping
method’s behaviour and understand its effect on the system,
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FIGURE 9. Shaft torque Tsh Fourier analysis after a load connection using
the input-shaping control.

a zero-pole analysis is presented in Fig. 10. To obtain the
zero-pole root locus, the transfer function of the system is
calculated in the Laplace domain. The transfer function of
the system with the compensator is given by:

HSys(S) = HisHpian(s) (18)

In which, Hpjuy is the drivetrain transfer function
obtained from the model obtained from (3), and Hjg is the
input-shaping compensator, given by:

P(s) = et — 7512 4 =575 (19)

In (19), the input-shaping control or Posicast compensator
is modelled in the Laplace domain as a series of delayed
step connections, with 77,77, and 73 the step connection
times. Fig. 10 shows the poles (represented by x) and zeros
(represented by o) of the drivetrain. It is observed that since
the poles are in the left semi plane, the system is stable. More-
over, since the zeros added by the input-shaping compensator
have the same value as the poles of the mechanical drivetrain,
the excitation of the torsional vibrations is suppressed.

£ 800 ,

K @
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éﬂfmo— .
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FIGURE 10. Poles (shown by x) and zeros (shown by o) of the system.

V. EXPERIMENTAL RESULTS

To experimentally validate the proposed solutions, the elec-
tromechanical system of Fig. 2 is built. The drivetrain, shown
in Fig. 11 (a), is composed of a 2.2 kW, two-pole pair induc-
tion motor with a nominal speed of 1445 rpm and controlled
using Volt/frequency control while a 1 kW Nidec Universal
Motor is operated as an independent field DC generator. The
electrical power system, shown in Fig. 11 (b), is composed
of a resistance bank of Rp = 60, and a variable load
resistance Ry. A CM225DX-24S1 IGBT with a Powerex
VLAS536-01R gate driver is used to connect and disconnect
the load resistance Ry . The IGBT is controlled using an Infi-
neon XE166FN microcontroller. The drivetrain mechanical
system comprises two flywheels inertias designed to obtain
the same torsional frequencies of simulation tests. The system
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is designed considering the same parameters of the simulation
shown in 1. The electrical signals, armature current i,, arma-
ture voltage v,, and field current ir, are measured with LEM
transducers and recorded using dSpace MicrolabBox. The
torque is determined using the sensorless method presented
in [9].

(a) Mechanical drivetrain
Motor I} Flywheel J2 position Sensor

Gear J3

b= Gear I and Jg

}

Tachometer Generator Jg Drivetrain

(b) Electrlcalrpower system

FIGURE 11. Experimental setup: (a) Mechanical drivetrain. (b) Electrical
power system.

As presented in Section III, the proposed input-shaping
method depends on the drivetrain’s frequency and damping.
The drivetrain torsional frequencies are verified to validate
the mechanical system design, calculating the FFT after a
step connection is applied to the system. Since the torque is
measured using a sensorless method, the FFT is applied to the
armature current, which is proportional to the torque as given
by (4). The information recorded consists of 10 seconds of
the armature current with a sampling frequency f; = 10 kHz.
Fig. 12 shows the normalized Fourier response of the system
operating at 1500 rpm when the field current is 6.2 A, the
initial load is 0.41 Nm, and the final load in the system is
2.92 Nm. In Fig. 12, the torsional frequencies of the drive-
train are highlighted in red. The obtained frequencies values
are fi = 355 Hz and f, = 77.1 Hz, respectively. The
Hilbert Transform Method, combined with empirical mode
decomposition (EMD), is used to identify the damping ratio.
The damping ratios obtained are §&; = 0.018, and & =
0.012, respectively. These values present minimal variation
with respect to the simulated ones, shown in Fig. 7, making
the simulation and experimental systems comparable. These
differences are mainly related to parasitic parameters and
tolerances of the manufactured mechanical system.

The connection of the load as a single step and using the
proposed input-shaping method is verified under the follow-
ing conditions: if = 6.2 A, wg = 1550 rpm, Rp = 60%2, and
Rr = 4.95Q. In terms of power and torque, both tests’ initial
load values, using the step connection and the input-shaping
strategy, are 50.82 W and 0.41 Nm. Likewise, the final
load connected for each test is 210.52 W and 2.92 Nm. The
connection times for the proposed input-shaping control are
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FIGURE 12. Fourier analysis of the experimental armature current at
1500 rpm after a load step connection.

TABLE 2. Load connection performance.

Connection Overshoot [%]  Settling Time [s]
Step 80.85 0.64
Input-shaping  33.90 0.44

obtained, solving equation (16) forn = 2 and m = 5 and
the frequencies and damping identified from the experimental
analysis. The connection times obtained are: 71 = 0's, 7> =
2.5ms, T3 =6.7ms, T4y = 11.1 ms, and 75 = 13.4 ms. Thus,
the connection takes place under 13.4 ms, which is lower than
the 14.08 ms of half a period of the mechanical drivetrain.
Also, since the timing of the connection is in the order of
milliseconds, the slew rate of the IGBT (600V /s obtained
for 600 V from the datasheet data) does not affect the control
strategy.

In Fig. 13, the results obtained connecting the load as a step
(left side Fig. 13 (a), (c), (e)) and using the proposed pul-
sating input-shaping strategy (right side Fig. 13 (b), (d), (f))
are shown. In Fig. 13 (a) and Fig. 13 (b), the machine field
(in red) and armature (in blue) currents for the step load
connection and the load input-shaping connection are shown.
In Fig. 13 (c) and Fig. 13 (d), both cases’ armature voltage
is presented. In Fig. 13 (e) and Fig. 13 (f), the torque applied
by the machine T, (in red) and the shaft torque Ty, (in blue)
for both cases (without and with the strategy) are also shown.
From Fig. 13 (e) and Fig. 13 (f), it is observed that the initial
and steady-state torque for the single-step connection and
the proposed pulsating input-shaping strategy are the same
(0.41 Nm and 2.93 Nm, respectively), making the results
comparable. Fig. 13 (e) shows that the single-step connection
excites torsional vibrations in the shaft. These vibrations pro-
duce a peak torque of 5.2 Nm in the drivetrain shaft. Instead,
the results obtained using the proposed input-shaping method
in Fig. 13 (f) show that the compensator’s use reduces the
peak torque vibrations from 5.2 Nm to 3.9 Nm.

To analyze this further, 2 presents the overshoot and set-
tling time (calculated for 5% of the steady-state torque value)
when the load is connected as a step and using the proposed
methodology. These results show that the input-shaping
open-loop control reduces the overshoot by 50% and the
settling time by 200 ms, extending the mechanical compo-
nents’ lifespan by decreasing the peak torque and reducing
the vibration time.

When comparing the experimental and simulation results
obtained in Fig. 6 and Fig. 13, it is observed that the
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FIGURE 13. Experimental results without control strategy (Fig (a), (), (e))
and with input-shaping (Fig (b), (c), and (d)). (a) and (b) Machine
armature (in blue) and field (in red) current in step and input-shaping
connection, respectively. (c) and (d) Machine armature voltage in step and
input-shaping connection, respectively. (e) and (f) Machine (in red) and
shaft (in blue) torque in step and input-shaping connection, respectively.

current, voltage, and torque obtained by simulation and
experimentally presents similar values. Also, comparing the
step connection torque of Fig. 13 (e) with the results obtained
by simulation in Fig. 6, a similar behaviour is observed
between the two the signal with the slight discrepancy clearly
explained by the difference between resonance frequencies
and damping values of the simulation and experimental
model. Instead, comparing the torque obtained using the
input-shaping control in Fig. 13 (f) with the simulation results
in Fig. 8, it can be observed that while experimentally, the
compensator is only able to reduce the torsional vibrations
excited after the switching connection, in the simulation, the
torsional vibrations are entirely eliminated. This difference is
caused by the DC machine inductance, distorting the connec-
tion steps applied to the mechanical system, as seen from the
armature current and voltage in Fig. 13 (b) and Fig. 13 (d).
Moreover, the frequencies at which (16) was solved present a
tolerance, and hence calculated connection times may present
minor discrepancies from the one currently necessary to sup-
press the torsional vibrations. However, regardless of induc-
tance and the uncertainty in the calculated frequencies, the
experimental results show that the proposed methodology
can reduce the torsional vibrations excited, regardless of the
frequency uncertainty.

VI. CONCLUSION

This paper studies the reduction of torsional vibrations
excited by the connection of electrical loads in an aircraft.
To reduce the excitation of vibrations, an input-shaping con-
trol strategy implemented directly in the electrical loads
was presented, theoretically analyzed, and experimentally
validated.

95044

Theoretical analysis of the input-shaping compensator
shows that when the system is known and all components,
such as inductances, are accounted for, the vibrations can
be eliminated after the switching of the electrical load.
This is based on the compensator’s operation that sup-
presses the excitation of the torsional vibrations by can-
celling the excitation of the mechanical system poles. Also,
experimental results have shown that the proposed method
effectively allows the reduction of the torsional vibrations
excited by the connection of electrical loads by up to
50% of the maximum value obtained by a single step load
connection.

Since the use of the proposed method allows the reduction
of torsional vibrations even when frequencies uncertainty is
present, as shown in the experimental results, the method is
a suitable alternative to reduce the electromechanical inter-
actions phenomena in aircraft systems. Also, for switching
loads, such as IPS, the strategy can be directly applied,
making its implementation straightforward and maintaining
the required safety level and reliability necessary in aircraft
systems.

In conclusion, using the proposed input-shaping method-
ology allows extending the mechanical components lifespan
and the use of lighter weight generator shafts in aircraft appli-
cations, offering a solution for longer-lasting, more reliable
MEA.
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