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Introduction

In recent years, there has been a strong push towards the electrification of vehicles
in a broad sense. Every automotive manufacturer currently has at least one electric

model on the market.

The electrification of road vehicles is already a relatively mature sector, while
other mobility sectors are just beginning their transition towards electrification. One
of the sectors that could greatly benefit from this electric transition is that of construc-
tion machinery. In this case, replacing or supplementing current internal combustion
and hydraulic technologies with equivalent electric solutions can lead to significant
advantages in terms of efficiency, reduced environmental impact, and versatility.
Electrified construction machines can operate indoor without air pullution. Battery
recharging can occur via the electrical grid (plug-in) or through dedicated internal
combustion range extenders; in this case, running the internal combustion engine at its
most efficient point reduces environmental impact, even if the primary energy source

remains fossil fuel.

The electrification of construction machinery brings some challenges, which will
be the subject of research in this doctoral project. The ability to use multiple electric
machines instead of a single internal combustion engine greatly increases system
flexibility and allows for the implementation of innovative control algorithms. Ad-
ditionally, the replacement of hydraulic components will require an increase in the
reliability of the electronic control and drive circuits, which must at least meet the

high reliability specifications of current hydraulic systems.

In addition, by electrifying more and more parts of the machine, there is a reduction



2 Introduction

in noise due to the elimitation of thermal or hydraulic components; however, noise
can emerge from electric drives that, despite being of smaller amplitude, falls into the
audio band and, being pure notes, can result very annoying. So, along with the project
of motor control firmware, a parallel project was born for the need to equip drives
with an algorithm for reducing the vibrations due to the cogging torque in order to
avoid propagation to the entire powertrain and, thus, reduces the operator’s annoyance
and, perhaps, prevents the formation of resonance phenomena in the structures which
could cause fatigue fails or other negative situations.

For the recharging of construction machines during operation, as mentioned, it is
necessary to use an internal combustion range extender. For cars, there is the possibility
to think of smarter ad-hoc systems, namely recharging during the movement through
an external infrastructure along common routes or in parking areas. Systems with
pantographs and overhead lines, like trains and trolleybuses, or systems with sliding
brushes under the asphalt, like subways, have already been implemented; however, this
penalizes movement flexibility. Additionally, there is the issue that road infrastructures
are shared with pedestrians, bicycles, and mopeds, which poses a significant safety
concern. A new system that is gaining traction is wireless vehicle charging through
the asphalt. As this is a new project, the potential aging effects of asphalt due to strong
magnetic fields are still unknown, unlike the aging effects caused by ultraviolet light
which are already well understood. A test bench has therefore been created to conduct

accelerated tests on samples of bituminous material.



Chapter 1

Fan drive electrification

The design of the entire fandrive system was mainly divided into three key sections.
The first involved a theoretical and simulation analysis of the PI controllers, which
are fundamental to any control system, comparing the classic architecture with more
advanced ones in terms of maintaining steady-state speed and control robustness
in case of sudden torque insertion on the shaft. The second section consisted of the
development of the firmware and hardware, as well as the creation of the test bench for
performing tests and characterizations on the drive. The third section is supplementary
and not strictly necessary for the motor’s operation, but it was addressed during the
project because one of the motors used was found to be very noisy due to vibrations
caused by the magnetic interaction between rotor magnets and stator slots. Therefore,
an active cogging torque reduction project was initiated to also reduce the generated

noise.
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1.1 PI regulators synthesis

When designing a control loop, the goal is usually to control a single input variable.
To do this, a classic PI controller with one degree of freedom can be used. In the case
of the controller used in the current loop, the goal is to control the current on a specific
axis analyzing the current error to generate an information about the voltage to be
applied along the same axis. For standard speed control, what needs to be controlled is
the speed reached by the rotor, and the controller analyzes the speed error to generate a
current setpoint to regulate the speed. However, when analyzing the speed loop, there
is another input of less importance: the torque disturbance coming from the load. To
manage this, it is necessary to add another degree of freedom to the system by adding
a prefilter in series to the speed setpoint. The transfer function from speed setpoint
to speed can be designed with a low-pass function, considering that the setpoint
variations are typically very slow, and to reject any high-frequency disturbances that
may enter the speed loop due to cogging torque. Regarding the transfer function from
torque disturbance to speed, it is necessary to obtain a function that minimizes the
disturbance, thus with a high rejection rate. In particular, a band-pass filter can be
implemented to completely reject the effect of counter constant torque at frequencies
approaching zero and to effectively reject disturbances caused by cogging torque or
from PWM ripple.
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1.1.1 Current loop analysis

Vg

|

Figure 1.1: Equivalent circuit on d axis of the stator

Ld

Considering the motor equivalent circuit Fig. 1.1, v’d (voltage margin) is the only part
of the voltage on d-axis v; generated by the inverter that can generate torque on the
shaft, because when the magnets are rotating, due to the magnetic flux on q axis A4, a
back electromotive force (BEMF) e is generated, and it reduces this voltage margin:
Vg = v;l —e (L.1)
considering, e = @, - Ay:
vd:v;—a)e-ﬁ,q (1.2)

then the current on the d-axis motor phase is:

ot
7 (Ri+s-La)

with R; and L; are respectively the stator resistance and inductance expressed on

(1.3)

d-axis.
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i + V'y i
C(s) >  P(s)

\ 4

Figure 1.2: Single-wire equivalent path of the current loop on d axis

Analyzing the current loop Fig. 1.2, and considering: the current demand on d
axis i, the VLJ voltage on d-axis computed by the current PI regulator C;(s), the current

absorbed by the motor P(s) on d axis iy is expressed by:

id = P(S) -C,'(S) . (l; - id) (1.4)
with P(s) = ;—‘,’ = m and a general C;(s) = ]1;]8 the transfer function from £ to
iy results: ‘

] P(s)-C; N
Gry=lt - PG __ S (15)

i 1+(P(s)-Cs)) D(s) (Rq-+s-Lq)+N(s)
For the transfer function from #; to iy of the current loop what we want is a low
pass function with the value of the pole angular frequency as high as possible.

Using only a proportional regulator, N(s) = K,,, D(s) = 1, Ci(s) = K}

K, 1
Rd+Kp 1+45s-

Gii (1.6)

Ly
Rakp
but a steady state error results.

Now, trying a proportional integral regulator, N(s) = K;+ K, -5, D(s) =5, Ci(s) =
Kp—l—%:%(l%—%’-s):

1.7)
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.k . . .
forcing £ = Ilg—‘; it is possible to act a zero pole compensation:
1

1

TR

(1.8)

and selecting k; it is possible to place the pole angular frequency where it is
needed, high enough to have a reactive current loop but not too high so that PWM
noise is rejected. The constant time of the current loop results 7; = %. To simplify
the speed loop analysis, the G;+; (1.8) transfer function will become the elementary
block of the electric motor plant.

(1.9)

1.1.2 Speed loop analysis

In this chapter, it was decided to compare the classic speed loop controlled by a normal
PI regulator with 3 other more advanced methods. Starting from the normal loop with
one Degree Of Freedom (DOF) PI regulator dedicated to the transfer function (TF) of
speed as function of speed set point, we move to controllers with 2-DOF PI in order
to also control the effect of a torque disturbance on the speed. In addition, in all cases
the type of load connected to the motor is considered, which in this case is a fan and
therefore a non-linear load. For each case, after the calibration with a standard fan,
we proceeded to perform a Monte Carlo simulation by varying the parameters that
constitute the fan characteristic so as to verify the robustness of the various controls
when the fans vary due to factory mismatch. Fig. 1.3 shows a classical architecture of
a motor speed control loop, with a speed setpoint @* expressed in rad/s, the 1-DOF
PIC(S) (1.10)
Cls) = Ky (1.10)
that elaborates the speed error, the electrical contribution of the motor called
electrical plant Pz and Py, that is the mechanical plant containing the mechanical part

of the motor.
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Cls) Pe(s) Pu(s) >

Figure 1.3: Single-wire equivalent path of the speed loop using the theoretical elec-

trical equivalent of the motor

T

Cls) > Pe(s) Pm(s)

v

Figure 1.4: Single-wire equivalent path of the speed loop using an electrical equivalent

of the motor that includes the torque constant adaptations

Ty; is the torque demand elaborated by the PI to keep the speed error near to zero
and T, is the real torque that the electrical stator coils generate on the internal part
of the rotor. The currents i;* and iy are the current demand and the absorbed current
on d-axis respectively. The load torque 77, is a potentially applied resistant torque
independent from rotor speed, and subtracting it from 7Tj; gives the torque available
to counter the friction torque 7, of shaft wheel bearings and the load in case of linear
load, and the torque T4 needed to accelerate the load in case of speed change. For
easier analysis, it is preferable to have a representation with only the torque variables

shown in Fig. 1.4. The torque balance:
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Ty —T—Tr — Ty =0 (1.11)

considering Tr = B - w with B the total friction coeflicient (wheel bearings +
load), and Ty = J - @ with J the total inertia coefficient (rotor + blades)

Ty—To=B-0o+J-@
=B+J-s5)

(1.12)

considering the output of Py (s) over its input, and extracting the time constant

Tm:E'
P = ! = ! 1.13

To proceed a simplifying assumption is used in the following analysis, which is
the consideration that the current loops are at least two orders of magnitude faster
than the entire speed loop, and thus, from the point of view of the speed loop, the
pole of the current loop can be neglected and the transfer function of Pg(s) can be

considered having a constant magnitude of 1 as in Fig. 1.5

T

v

C(s) | Pm(s)

Figure 1.5: Simplified single-wire equivalent path of the speed loop with neglected
electrical plant
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1.1.3 Real fan fitting

To improve the various types of regulators it was first necessary to obtain the speed-
torque function of the fan under test, and not being a linear load as had been initially
taken as a hypothesis, it was physically characterized creating a table speed vs. DC
power and then through the inverter and motor efficiency it has been possible to

extrapolate the torque used by the fan with:

Ntor Pdc

)

torque = (1.14)

Table 1.1: Experimental characterization of the fan

Speed (rpm) Speed (rad) Power (dc) Total efficiency Torque

1100 115.19 100 0.873 0.758
1300 136.14 150 0.873 0.962
1500 157.08 217 0.873 1.206
1700 178.02 300 0.863 1.454
1900 198.97 400 0.882 1.774
2100 21991 525 0.882 2.107
2300 240.86 695 0.895 2.582
2500 261.80 875 0.887 2.966
2700 282.74 1100 0.895 3.483
2900 303.69 1360 0.885 3.963
3100 324.63 1650 0.885 4.498
3300 345.58 1980 0.885 5.070
3500 366.52 2350 0.885 5.674

Then a fitting in Matlab was performed to obtain a function as faithful as possible.
Fig. 1.6 shows experimental values and the fitting curve with a second order function
(1.15) with the c term forced to zero to reach a function crossing the zero amplitude

at zero speed.



1.1. PI regulators synthesis 11

Tr=a-0’+b-0.+c (1.15)

12 T T T T T

o original torque
10 | —— fitted torque _

Tr[N % m)]
D

0 1 1 1 1 1
0 100 200 300 400 500 600

wy[rad/s]

Figure 1.6: Original characterization points and fitted curve passing through zero

To analyze the control with the classical linear model methods, there is the need
to linearize the nonlinear function of the fan 7, and by using the formula for the line
passing through a point (@, T (@y)) with slope B(wy)

Tr1in = Tr (@) + B(ax) - (0 — @) (1.16)
By differentiating (1.15), B(w) =2-a- @+ b,

Triin= (2-a-ap+b) -0+ (c—a-w?) (1.17)
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with the friction coefficient

Biin=(2-a-ay+Db) (1.18)
and the y-axis intercept offset

of fiin = (¢ —a-@?) (1.19)
1.14 1-DOF PI

Ko K
|
w* + Tw* w
C(s) » Py >

Figure 1.7: Single-wire equivalent path with 1-DOF controller and real mechanical

plant not linearized

From Fig. 1.5 the transfer function from ®* to @

G Cls)-PulS)
OO = T AN 1 o
1+C(s) - Py(S)
using (1.10) and (1.13):
KPS+K[
Gw*w = >
Js?+(B+Kp)s+K;
with one zero
K;
21 = —
Kp

and two poles

(1.20)

(1.21)

(1.22)
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p B+K,—+/B?+2BK,+K2—4JK;
1= =

27
B+K,++/B*+2BK,+K2—4JK; (1.23)
E 27
To obtain a low pass function the lower frequency pole P; has been canceled with Z;
finding:
JK;
Ky = 1.24
P~ B (1.24)
Rewriting (1.21):
K;i
Goo= g g5 1.25
@ K, +B-s ( )
a pole remains:
p=-1 (1.26)
1= g ‘

and forcing that pole to be equal to 50 rad /s

K;=50-B (1.27)
from (1.21): S
0-B
Gprgp = ——— 1.28
“®750.B4+B-s (1.28)

The value of B is taken considering the linearized fan by (1.18) choosing wy =
00 centr = 150rad/s the middle of the speed range. The final transfer function and
coefficients are:

Gy = 2 1.29
oo = 5 (1.29)
K, = 0.6250 (1.30)
K;: = 0.6459 (1.31)

The Simulink simulation has been set with a step speed set-point from zero to

150rad/s and inserting a torque demand after a while.
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1.1.5 1-DOF PI with torque Feed Forward

r— ‘l‘ Coniroiler |

Tm* w
Pm

v

Y

Figure 1.8: Single-wire equivalent path with 1-DOF controller with real fan torque in

feed-forward and real mechanical plant not linearized

In this architecture the only change with respect to Fig. 1.7 is a branch added in
feed-forward to the output stage of the PI controller with a value of T directly
from the fitted nonlinear equation (1.15) evaluated in the actual motor speed @. This
modification aims at not overloading the integral part of the regulator and lets it deal
only with the correction of the inertial part J in (1.13). From (1.20) to (1.28) the same
calculation has been followed, the difference is about the value of B that has to be
taken for proportional and integral constant computation, because now it is assumed
that the value of B in (1.13) has been totally compensated by the fan torque added
in feed-forward and therefore not within the regulator’s competence, for this reason,
B=0.

ki=0 (1.32)

k, =0.6250 (1.33)
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1.1.6 2-DOF PI

\4

— > F(s) C(s) » Py

Figure 1.9: Single-wire equivalent path with 2-DOF controller and real mechanical

plant not linearized

After the tests on the 1-DOF PI it was decided to explore another way, that of the
2-DOF PI [1], that is the same architecture seen above with the addition of a prefilter
that adds a second degree of freedom to be able to manage also the disturbance to the
motor speed caused by load torque, in such a way that the speed of the motor is as
unaffected as possible by any sudden torque demand due to, for example, strong air
turbulence.

A prefilter has been added in series to the input speed set point @*:

Tis(— 1)+ DT Tis(B—1) — 1
Tis+DT,Tis+ 1

Fo_ (1.34)

considering D = s, T; = K,,/K;, Ty = K;/K,, and K; = 0 to not use the derivative

factor:

(Kp —Kp . C()S—i—K,‘
KpS+Ki

Fo (1.35)

We start from the transfer function from ®* to @ as in the case of the 1-DOF

regulator:
C(s)-P(S)

Goro =F ) 7265 p(s)

(1.36)
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using (1.10) and (1.13):

Ki+S'(Kp—Kp-(X)

Goro =
PO U2+ (B+Ky)s+K;

resulting in one zero:

and two poles:

_ B+K,—+/B>+2BK,+K2—4JK;

P = 27

_ B+Kp++/B*+2BK,+K2—4JK;

Py = 27

(1.37)

(1.38)

(1.39)

forcing the zero pole cancellation with the lower frequency pole: P = Z; yields

the value of o for the prefilter tuning:

K. — 2JK;
P B+K,—\/B>+2BK,+K2—4JK;

Ky

o=

the remaining pole is:
2K;
B+K,— /B> +2BK, +K; — 4K,

P =

(1.40)

(1.41)

and forcing the pole P> = wy,_,,, that is the value of angular frequency which has been

chosen for the high-frequency pole, an expression for K; is found:

2
Ki =B- Op_yww + Kp - Op_yww — J- whfww
Now considering the transfer function from torque to speed:

P )

G — — - _
“7 14(P-C-EL)  Js2+(B+K,)s+K;

there is one zero in the origin:
2y

(1.42)

(1.43)

(1.44)
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and two poles:

P B+K,—+/B*+2BK,+K3>—4JK;
= —

2J
B+K),+4 /Bz+2BK,,+Kg—4JK,- (1‘45)
P=- 27
placing k; (1.42) in (1.43):
s
Gor=-— 2 2
B- Wp_yww +s- (J Op_yww +J'th_H) —J- wh_ww +J-57+ Wp_yow (J Wp_yww _B+]'PIW_H)
(1.46)
the two poles become:
Pl = —Wp,w
{ PZ = — (B+Kpij*a)hww) (1.47)
7
and forcing P, = —P,wy it results:
Kp =J- Op_yw —B+J- th_H (148)

and selecting the angular frequency of the low pass function of Gy g, Op,Ww =
50rad/s and the angular frequency of the higher frequency pole of Gy, Py =
250rad/s, and the value of B considering the linearized fan by (1.18) choosing
Wy = Oy cenrr = 150rad/s the middle of the speed range, it results:

K, =3.75 (1.49)
K; =156.25 (1.50)
a=0.166 (1.51)

625
Gorw = (1.52)

2-(3+92)

N

G”:_ﬁ+@+Q§
80 4 4

(1.53)
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1.1.7 Adaptive 2-DOF PI

G

o K
\4 \4 \ 4
+ Tm* w
—»  F(s) C(s) » Py

v

Figure 1.10: Single-wire equivalent path with 2-DOF controller, adaptive filters coef-

ficients, and real mechanical plant not linearized

The calculations are the same as the 2-DOF controller, except for the final numeric
results of K, K;, and o that are not evaluated at fixed speed but evaluated iteratively
based on motor speed.

K,=3.75-75.64-10"° o, (1.54)
K;=3.78-1072 @, +155.7 (1.55)
1.045

oa=10-—

0.000076 - @, — (0.000565 @, + (0.000076 - @, + 0.00157)2 +6.165) 3730
(1.56)
To verify the robustness level of the various controllers analyzed, it is necessary
to test them with loads (fans) that deviate from the ideal values used for tuning the
coefficients. To achieve this, Monte Carlo simulations were prepared in MATLAB
to run simulations with different fans. To generate fans with mismatches due to pro-
duction processes, new values of a and b were generated using a normal distribution,

with the mean value equal to the actual a and b value and a variance of 10% of the
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mean. Additionally, to exclude faulty fans, a cutoff was applied at 3 sigma, ensuring
the generation of 99.73% of possible fans.

The original fan linearized torque with ¢ parameters forced to zero:
T=a -@>+b-w, (1.57)

and the torque calculated with a and b coefficients coming from normal distribution

generation:
T= Amont * wrz + bmont - Oy (158)
Ha =2 (1.59)
My =b
o, = 10%
a = 1070t (1.60)
Op = 10%[.1],
.ua_3'6a<am0nt<ua+3'ca (161)
My — 3 0p < byons < Up+3-0p
j——> —
Og4 op
Ha Gmont Mb bmont

Figure 1.11: Generation of the value of a and b for Monte Carlo tests

For each control architecture and for each Monte Carlo run Fig. 1.12 the initial
speed setpoint has been set at 90 rad/s to stabilize the motor and at 0.5s a speed

setpoint variation has been set; after a while at 0.75s, the error speed value has been
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recorded to create a steady state statistic. At(0.8s a second test was performed inserting
an instantaneous torque demand, and at 1 s the error speed value has been recorded to

create the statistic of torque disturbance rejection.

Montecarlo
Speed setpoint response and noise rejection
120 " T T " T " T
100 ,/-—
» 80T
©
o
®
o 60
Q
(3]
1
i=)
O
@ 40t
1DOF
i 1DOF FF
20 2DOF
2DOF adaptive
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]

Figure 1.12: Monte Carlo speed setpoint response and noise rejection

In Fig. 1.13 left are shown the histograms of the various error speed values in
steady state sampled in Fig. 1.12 at 0.75s and it can be seen that in the case of 2-DOF
controllers the distribution of the speed drop pattern is very little spread and very
close to zero rad/s. In Fig. 1.13 right is shown the cropped slice across zero rad/s

value to appreciate the distributions of 2-DOF and 2-DOF adaptive controllers.
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Figure 1.13: Steady state speed distribution

In Fig. 1.14 left are shown the histograms of the various error speed values in case
of abrupt request of torque sampled in Fig. 1.12 at 1s and it can be noticed also in
this case, that in the 2-DOF controllers architecture, the distribution of the speed drop
is very little spread and near to zero rad/s. In Fig. 1.13 right is shown the cropped
slice across —0.8rad/s to appreciate the distributions of 2-DOF and 2-DOF adaptive

controllers.

Speed drop distribution during torque insertion

Speed drop distribution during torque insertion
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Figure 1.14: Speed drop distribution during torque insertion
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1.1.8 Results

Analyzing both statistics, it is evident that solutions with 2-DOF regulators achieve
better results with lower steady-state error, lower speed drops under torque insertion,
and reduced variance, demonstrating significant independence from variations in
the fan. Considering the application on a fan drive and the implementation on a
microcontroller with certain constraints, it was decided to use the classic architecture
with a 1-DOF regulator for the first release, showing a steady state error of only
0.5rad/s compared to a setpoint of 100rad/s, and a drop of 5.5rad/s in the case of a
step torque insertion of 4 Nm considering the maximum motor torque of 9Nm. For
a second release, and in case of reusing the same firmware for controlling motors
used in applications that require greater precision, the architecture with the adaptive

2-DOF regulator will be taken into consideration.



1.2. Fan drive design 23

1.2 Fan drive design

Construction machines generally make extensive use of hydraulic cylinders, as they
are actuators with an extremely high torque density and reliability. Consequently,
hydraulic motors have also been widely used for rotary actuators due to their simplicity
of control and high reliability. With the new electrification paradigm, there is a desire to
begin electrifying all rotary actuators, leaving the electrification of hydraulic cylinders,
which are still difficult to replace, for last. In collaboration with Casappa S.p.A., a
leader in the design and production of hydraulic motors and pumps, it was decided
to initiate an electrification experiment for the motors of fan drives (currently driven
by hydraulic motor or transmission belt) used for cooling the hydraulic oil radiators
of construction machines, before moving on to electrifying all other drives, up to the
electrification of the traction motors.

The development of the fan drive was a challenge from many perspectives because
the goal was to create an integrated drive, with the inverter fully inside the motor,
resulting in a compact and easy-to-install system. This also allows for retrofitting on
already constructed machines, requiring only a 48 VDC power supply directly from
the batteries and a CAN-BUS communication link. This necessitated the design of an
inverter capable of operating at very high ambient temperatures, given its proximity
to hydraulic circuits (up to 80 degrees Celsius), delivering 3 kW of power with phase
currents on the order of 100 A (due to the use of traditional lead-acid batteries, as
lithium power packs were not yet ready), and functioning in both directions up to
speeds of 3500 rpm. Additionally, it was decided to eliminate the position/speed
sensor by implementing a rotor speed estimation algorithm for sensorless control to

enhance reliability.

1.2.1 Hardware

Initially, it was decided to create a 5 kW drive, equivalent to the power of the hydraulic
motor being replaced. Together with the company, the first inverter was designed
without focusing too much on compactness due to COVID-related difficulties in

sourcing components and also to aid in debugging possible problems. We needed a
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starting platform to quickly test the developed firmware and the first components are
shown in Fig. 1.15, Fig. 1.16, Fig. 1.17.

Figure 1.15: First inverter prototype 5 kW rated

Figure 1.16: First motor prototype 5 kW rated
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Figure 1.17: 5 kW Motor nameplate

For the second prototype, a size of 3 kW was considered for both the motor and
inverter Fig. 1.18, Fig. 1.19, Fig. 1.20, as the 5 kW motor had a larger diameter than
the fan core and obstructed too much airflow. A third inverter prototype was then

developed with some circuit improvements, together with a third motor prototype.



26 Chapter 1. Fan drive electrification

g

" 78 CASAPPA (0] &

+P+

\ & I
|

( . A\

Figure 1.18: Second and third inverter prototype 3 kW rated

Figure 1.19: Second motor prototype 3 kW rated
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Figure 1.20: Third motor prototype 3 kW rated

Table 1.2: Motors characteristics

Nominal current  Nominal power Nominal speed Nominal torque  Torque constant  Voltage constant  Stator resistance  Stator inductance

(RMS) A w rpm Nm Nm/A V/rpm Q mH Pole pairs
Motor 1 170 5500 3000 17.5 0.1 0.0066 - - 4
Motor 2 64 2500 3500 7 0.11 0.007 - - 4
Motor 3 58 3000 3500 8.1 0.14 0.0087 0.0082 0.032 4

The overall system has been thoroughly tested on the motor test bench of Fig. 1.21.
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Figure 1.21: Motor test bench (braking bench)

A commercial inverter Fig. 1.22 has been programmed to control the brake motor
in constant torque mode and thanks to an analog data acquisition board, torque meter,
Hall effect current sensors, and an analog front end of Fig. 1.24 and Fig. 1.25, it has
been possible to acquire all the variables and analyze the performance. It was also
possible to do some deep fail tests under a strong stress condition, even in overload
and overspeed situations. The core of the measures is the analog to digital acquisition
board National Instruments PCle-6353, fitted inside the dedicated PC, equipped with
a single analog to digital converter with 16 bit of resolution, a sample rate of 1 MS/s

shared for 32 analog input, and the input range of +10 V.
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Figure 1.22: Commercial motor test bench inverter, Emerson UNIDRIVE
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Figure 1.23: Fan drive real application

[
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Figure 1.25: Analog front-end calibration
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Table 1.3: Transducers and front-end characteristics

Input range Input typology Transducer
ViViViy 0-100 V isolated From RC filter for PWM ripple elimination
Phase to star center voltages R=1.4kQ, C=50nF, f3,3 = 2.27kHz
Vous 0-100 V isolated From inverter capacitors
DC bus voltage
bk +£5A nonisolated  LEM, LF 210-S, current gain = 1/2000
Phase current
s 0-100 mA non isolated LEM, LF 210-S, current gain = 1/2000

DC bus current

T . Dr. Staiger Mohilo, 0170/01 MS 50 RA,
) +5V non isolated - taiger Moaro
Rotor mechanical torque range £50 Nm
Wy ' +10V non isolated Emers.on UNIDRIVE motor test bench inverter
Rotor mechanical speed with analog output speed range 10 V

1.2.2 Mathematical approach

For this project, a surface permanent magnet synchronous motor (SPMSM) was
used to achieve high efficiencies using field-oriented control (FOC) Fig. 1.26 and
to attain high torque densities. Therefore, a smaller diameter will result in greater
air flow from the fan drive. Directly controlling the sinusoidal currents of an AC
machine is notably difficult, so it is common practice to transform the three-phase
sinusoidal quantities on axes U-V-W into constants (at steady state) using the Clarke-
Park transformations, projecting the sinusoidal quantities on rotating axes d and q.

The control was implemented on an STM32 ARM-Cortex 32-bit microcontroller.
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Figure 1.26: Sensored motor control

Fig. 1.26 shows a block diagram of the control, a classical field-oriented control
(FOC) on d-q axes. Dealing with the Clarke matrix there is the possibility of correcting
it with a constant gain Kp to maintain the value of the power between the U-V-W and
d-q representations (Kp = \/g ) or maintain the amplitudes of voltages and currents

between the two worlds (Kp = %)

-
Bl=ks| 0 L -4 (1.62)

1 1 1

V2 V2 2

In an application such as those with an isolated star center connection, it is evident
that the algebraic sum of currents is zero so the line of homopolar components in

Clarke matrix can be neglected, the (1.62) can be rewritten:

1 -1 _1
- 2 2
(1.63) transforms three-phase quantities in a U-V-W reference frame into a dual-

phase representation on a dual-phase orthogonal reference frame o-f. Adding the

Park transformation matrix [A]

(A(0)] = ( cos B sin@) (164)

—sin® cosH
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it eases the control by turning the a-f3 fixed-axes representation in a rotating-axes
representation on axes d-g. This renders the quantities (voltages, currents, fluxes)
constant (in stationary conditions) so that they can be managed better by the control.
By exploiting the inverse matrices [A~!'] [B~!] it is possible to close the current
control loops going back and transform from /; I, useful for the control into Iy Iy Iy
for driving the motor. To control the torque of the motor it is useful to find the relations
between torque and current/voltages on d-q axes, therefore the general model of the

motor on the d—q axes is derived from the following equations:

. dA
Vg :R-ld—FTt‘i—we')Lq

A,d:Ld-idJrﬂ,m’d
Vq :R-iq—i-‘%q-i-(l)g'ld
lq :Lq'iq+)‘m¢1

(1.65)

where v, and v, are the voltages on the d—q axes; iy and i, are the currents on the
d—q axes; R is the stator resistance; L, and L, are the stator inductances on the d—q
axes, respectively; A4, A, are the stator magnetic fluxes on the d—q axes produced by
the d—q currents; A, 4, A4 are the fluxes produced by rotor magnets; and @, is the
electrical speed. Rewriting the (1.65) using Laplace transformation, and considering
the hypothesis of isotropic motor, (Ld = Lq = Leq):

vd:R-id+s-7Ld—coe-),q
Ad = Leq-ig + Ama
Vq :R~iq+S'ﬂ,q—f—(De~ld
;Lq :Leq‘iq+/lm7q

(1.66)

Under the hypothesis that 4,, 4, A, 4 are not time-dependent, the expression of vy

and v, can be rewritten:

{ vd:R-id—i-s-Leq'id—a’e'(Leq'iq"‘)’m:Q) (1.67)

Vg=R-ig+5-Leq-ig+ @ (Leqia+ Ama)

In the same way, the mechanical torque can be expressed:

T=p-(Ag-ig—Ay-iq) (1.68)
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where p is the pole pairs of the motor. Using (1.66).b and (1.66).d:

T =p[(Leqia+ Ama) ig— (Leq - iq+ Amg) ia] (1.69)

and thanks to the alignment of the rotor magnet along the d-axis resulting from the

field-oriented control, we can see that the torque is proportional to the current iq.

T=p-Ana-iy (1.70)

The control is made by two symmetrical internal loops that control the desired
currents on d-q axes with an external speed loop that regulates the motor speed
to follow the reference speed. Both the current loops consist of an input set-point of
current I;* or I,;* from which the value of instantaneous current I, or , read by sensors
is subtracted thus obtaining the current errors. Once the current error is obtained it
can be used to compute the voltage level to be applied to the inverter to obtain the
desired current by means of the proportional-integral current controllers. As can be
seen in (1.70) for the normal operations of the motor, the torque is controlled only
by 1, and then we can set I;* = 0 and feed /,* with an information that depends on
the speed demand of the user. The architecture of the speed loop is the same as those
of the currents, the information about instantaneous speed @ is subtracted to the user
speed setpoint ®* obtaining the speed error that, once elaborated by a PI regulator,
becomes the information of current setpoint on q axis I,* for the control of the torque.
In section 1.1 the controllers will be illustrated and different architectures will be
analyzed and compared. Initially, it was decided to develop a sensor-driven control
with an encoder in order to design a reliable and working control, after which it was
decided to eliminate it to obtain a less expensive and more reliable drive and rely
on an algorithm for estimating the rotor speed by use of speed observer exploiting
the reading of the back electromotive forces on the current read by current sensors
(shunt).
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1.2.3 Encoder reading

ity

Figure 1.27: Encoder

For the phase information to be used in the sine and cosine function used in Park
matrix, there is the need to wrap the angle around —7 rad and +7 rad to automatically
eliminate the angle multiplicity. It is convenient to use the timer peripheral in "encoder
mode" to track the position using the two channels-quadrature incremental encoder.
That peripheral is driven mainly by two registers, the counter and the period registers,
the first is the one that is increased or decreased for each event of rising and falling
edge of both channels. The second one is the register that contains the end of the
count value to provide the restart of the counting value to ensure the angle wrapping.
That said, for the correctness of the control it is necessary to consider only the electric
angle, so taking into account the number of pole pairs p of the motor, the number of
pulses per mechanical round rn, the value to be inserted into period register is (1.71).
period = (ﬁ) -1 (1.71)
p
In that way, the counter register shows a sawtooth trend between zero and

(period — 1), with some additional normalization it is possible to adapt it to ob-
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tain the position angle.

period

radians_encoder_angle = 1 - (counter — ) (1.72)

The speed was determined using a timer peripheral of the microcontroller driven

by one of two signals from the encoder, and the available methods are practically two:

* Counting the number of encoder events that occur in a time unit, but having to
size the clock, prescaler, and period register of the timer peripheral in order to
not overflow at the maximum speed to be reached, that method leads to reach

good speed definition at high speed but poor definition at very low speed.

* Counting the elapsed time between each two encoder events, in that case,
to prevent the counter register overflow, the size of the clock, prescaler, and
period registers are made considering the minimum speed of interest, but in
that method, we have the reverse problem, high definition at very low speed and
poor definition at high speed. You may also have an additional problem with
the speed updating ratio because it changes with different dynamics according
to the instantaneous speed of the motor, which in particular applications could

be a problem.

In this project, it was decided to use the second method because it is fully man-
ageable by the timer peripheral as to not have any random delay or either overload
the code with a high number of interrupt requests coming from the encoder. Since
the application of this drive is to control a fan that has an approximate speed-torque
curve between the second and third order, it is not of interest to work at low speed as
it would not provide any significant airflow.

The sensored control has been useful for the development of current reading
peripherals and the whole mathematical algorithm to be ready for the implementation
of the sensorless algorithm.

1.2.4 Sensorless algorithm

For the sensorless algorithm, the choice went to a model reference adaptive system

(MRAS) architecture [2] because it works well in high-speed applications and it
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doesn’t complicate too much the control as some architecture with an injection of
current which is mainly composed of three blocks Fig. 1.28, reference model, adaptive
model and adaptive law. The goal of this kind of algorithm is to reach the match of

the adaptive model and the reference model through an adaptive law.

a’} A p U Yy Y
e 0
Adjustable model
.5 A 7£ o, .5 A 1 R-2,,
d|i +—— L ¢ i+ — 1 (v, +
oo -« L - eq . I 4| L
e e R s L “
7,” & I ZVI | U‘l
L e |
Yy v

Adaptive law

Figure 1.28: Sensorless algorithm

The mathematical model of the stator current for PMSM on d-q axes was chosen
as the adjustable model, then taking in input the values of the voltages on d-q axes
Vi, V4 well known by the modulation index coming from the running firmware and
the estimated electrical speed @, coming from the feedback loop, it outputs the
information about estimated current on d-q axes f; and fq. Instead, the physical PMSM
is chosen as the reference model, powered by the currents I, I, (and through conversion
matrices it means Iy Iy Iy ), in the output of that block we find the mechanical shaft
characterized by its own mechanical speed @, to be estimated by the algorithm after
a pole pairs correction. The adaptive law aims to process through a mathematical
model and a PI regulator both real currents I; I, and estimated ones Iy and fq in order
to accurately estimate the electrical speed of the motor @,. Under the hypothesis of

rotor magnet aligned along d axis and therefore
Ang =0 (1.73)

(1.67) can be rewritten as:
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Vi = Rl s Log ha— 0 Leg iy w7
Vq:R'iq+S'Leq'iq+we‘ (Leq'id"i_)/m,d)
and:
O o we')vm,ll' R * Vq (175)
Selg=—W-lg——7— —7 gt T

For convenience some mathematical processing has to be done, first of all, the same

And

L
a more practical matrix:

factor % . is added and subtracted from the first equation of (1.75) to rewrite it in

o R * R AnLd V, 1 R
S lg=—7 la— 7 "t @igt 17 Ana (1.76)
S S 0 VR SR/ -
Sclg=—We 14 L L' TL
la -5 fd+l}i'd 1 (va+ %A
s 1| = ' Ul ' (1.77)
lg — @, ~ 1 ly Vg

To express the adaptive model in a state space form, the factor % has been added
to the first row of (1.77), that term has no influence on the mathematical result of the
matrices because the derivative of a constant magnetic flux coming from the magnet

is zero, but this is a first step that allows the matrix to be rewritten in state space.

2 Ao 2 Ao
14+ z’d 14+ 72'[1

~

lq

1
L

(1.78)

: R
Iy —®, —7 vy

R
_[_L 0%

Vg + % . Am,d]

!/ A ’

/\/ ~ A
Introducing some ad hoc fictitious variables iy = iz + Ay a/L, lg =lg, Vg =
Va+ AnaR/L, vql = vy, then:

o R y o 1 /
sl =T e | (1.79)
I, —w, —7| || L |v,

So, to calculate the solution of iy and i,, we should solve the two differential
equations in (1.78) but it can be difficult to do by a firmware running in a microcon-

troller with some computational constraints, so under the hypothesis of current slope
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changing very slowly with respect to the sampling frequency, it is possible to trans-
form (1.78) from implicit to explicit form, committing deliberately the mathematical
incorrectness of considering the explicit current at first part to be found at the current
sampling instant (n), instead for all the implicit currents on the right we use values

delayed by one sample (n-1). From (1.78):

R =1 oan =1 Vi Mg
Selg = L g + e lq +L 5 Ln (180)
s ==yt = Ok R o1 Y ‘

q e 'd L L °q L

After that, integration can be applied so as to obtain the estimated value of currents:

N , - . R (1.81)
iq — jimf[—(x)g 'id_ COETM - % 'iq+ %]dé"i‘c

S A N A
{ ia = [L il - la+ e g+ Fde — Tt e
Due to the sampled nature of the system, integration has been implemented in
a discrete form; due to the computational limitations cited above, a simple forward
Euler approximation has been used that offers a good functionality to complexity
compromise considering the signal to be integrated as a slow variable. The starting
point is an equation of this type:
dy dz
—=a-x(t)+b+— 1.82
dt (®) dt (1.82)
Integrating the whole, results in an integrative term that contains all contributions of

integrative memory and an instant term without memory:

y(t) = /l [a-x(€)+blde +z(1) (1.83)

—inf
The control is carried out with a digital system and then each variable is sampled
over time, so the continuous-time equation needs to be converted to a discrete-time
equation considering that the integral degenerates into a mathematical summation.
Having chosen the Euler method with forward approximation, between a sampling
instant (n-1) and the next one (n), the continuous function degenerates in a constant
whose value, for the whole sample time, is the value assumed by the function at the

(n-1) sampling time. The content of each summation factor is the area of a rectangle
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with a base length equivalent to the sample time 7; while the height is equal to the
constant value identified for approximating the function.

y(n-Ty) = i [a-x(€)+Db]-Ty+2z(n-Ty) (1.84)

e=1

The value at a certain sample n is subdivided into:

e Old memory contribution containing the partial sums of the areas under the
function until the (n — 1) sample.

n—1
y[nfl] — Z[a.x(g)er].Ts (1.85)

e=1

* Instantaneous memory contribution containing the value of the area under the

function contained between the (n— 1) and (n) samples.

Ty -[a-x" + b] (1.86)

* Contribution without memory at (n) sample that is only taken into account as

an instantaneous value that is not accumulated at each cycle.

7 =z(n-Ty) (1.87)

Starting from (1.81), the estimated currents calculation becomes:

id(n-n):é[—lz.iﬁ@-iﬁ‘z’]-n—k’zd (1.89)
* Old memory
o= :g[—lz g Oy + %} T (1.90)
* Instantaneous memory
R . Vy

ld_istant_mem -

[n] 7Ty'[_z'id+é)€'iq+f] (1.91)
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* No memory
.[n] . 2'm7d
ld?nofmem - L (192)
n ~
. AR , - Am7d R . Vq
zq(n.Ts):;[—we.zd—T—z-qurz]-n (1.93)
* Old memory
n—1 A
.[n—1] . A2 e - Afm,d R Vq
0l mem = L= e lg— ——E — i+ )T (1.94)
q_old_mem = L L L
¢ Instantaneous memory
. A ~ d) * A« d R ~ V
o e = To- [0l = == Tl 3 (199)
* No memory
iE]n_no_mem =0 (1.96)
The firmware code is:
for each sample time T; = 100 s do
id_istant_mem = Ts : [_% . Zd_old + (I)e . iqold + %]’
id_old_mem = id_old_mem + id_istant_mem;
. Am
ld_no_mem = _Td;
id_actual = id_old_mem + id_no_mem;
. o A a2 (De'afm‘d R = Vq .
Ly_istant_mem = 1 [_we “ld old =~ T lqold + T],

iqﬁold?mem = iqﬁvld?mem + iq_istant_mem;
iq_no_mem =0;

iq_actual = id_old_mem + iq_na_mem;

id?old = id?actual;
iq_old - iq_actual;
end for

For the electrical speed information it is necessary to elaborate real and estimated
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currents with the adaptive law and PI regulator:

Kii .. » . &+ Apa ,.
a)eZ(Kp—F?l)'(d'lq—lq-ld— 1’d~(1q—tq)) (1.97)

The discretized integral of the electrical speed has been used for the position

information:

actual_angle = actual_angle + T - @,;

As mentioned in the section 1.2.3 about control with the sensor, there is the need
of obtaining a normalized position variable with a sawtooth shape between -1 to 1
in order to feed the sine and cosine function used for Park matrix, but in that case
the position information comes from a discretized integral so the wrapping need
to be done via firmware, considering actual_angle the position elaborated by the
sensorless algorithm and actual_angle_normalized the position wrapped between
—m rad to +7 rad,
if actual_angle > 7 then
actual_angle = actual_angle —2 -1
else if actual_angle < 7 then
actual_angle = actual_angle+2 -1
end if

actual_angle_normalized = actual_angle

T

1.2.5 Motor control architecture

The main control is based on a state machine architecture to ensure the correct and

safe operation of the motor.
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Motor slowing

Figure 1.29: Block diagram of the motor control firmware
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* Case STANDBY

Is a standby block, where the firmware waits for a starting command from a

user button or from an Electronic Controller Unit (ECU) command.

Case ADC CALIBRATION

Before powering up the three-phase inverter, it’s necessary to calibrate the
electronic circuitry for the current shunt and Vp,; amplification. 100 samples
are averaged for each channel in order to have an error constant to be subtracted

from the current conversion during the motor control.

— If a start-stop command is detected the state is changed in MOTOR
SWITCHING OFF

Case CONTACTOR CLOSING

Before enabling the devices of the three-phase inverter it is necessary to send
the closing command to the electromechanical safety contactor; considering its
large size with a current rating of 250 A it takes a long time to close, up to
200 ms. If the contactor was closed at the same time as the inverter devices with
instantaneous operation of the current loops, there would obviously be a very
high current error on the d and q axes since no current could flow over the shunt
and, consequently, the control would set the modulation indices of the motor
phases to a very high value in order to require the desired current, but at the
moment of physical closure of the contactor there would be an instantaneous
overcurrent for the first cycles of control before it can take action to lower the

indices.

— In case of overcurrent detection the state is changed in MOTOR SWITCH-
ING OFF

— If a start-stop command is detected the state is changed in MOTOR

SWITCHING OFF

Case ROTOR ALIGNMENT
As explained in (1.70) and (1.73), during the operation of the motor control
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there is a need to always keep the rotor field aligned along the d-axis, thanks to
the Park matrix providing current only on the g-axis it will be able to always
hold the magnetic g-axis in advance of 90 electric degrees relative the d-axis,

then the motor will work at maximum efficiency and torque density.

To do that only in this initial step of the state machine, for a few seconds a
current is set on the d-axis by forcing a fixed angle into the Park matrix so as
to allow the mechanical alignment of the rotor along this magnetic axis. Once
this configuration is obtained, the current position is considered as the starting
angle. To avoid possible situations of rotor stuck due to the rotor randomly
aligned in counter phase with respect to the field on the d-axis and therefore
unable to rotate and align correctly, two different angles are set 3 seconds apart
to be sure to unlock a possible stuck rotor, then for convenience, a 30 degrees

and O degrees angles are set.

— In case of overcurrent detection the state is changed in MOTOR SWITCH-
ING OFF

— If a start-stop command is detected the state is changed in MOTOR
SWITCHING OFF

* Case ROTOR SYNCRONISATION
This state is concerned with the start of motor rotation. It is not possible to start
the motor directly with the sensorless algorithm because it uses the reading
of the back electromotive forces generated on the stator due to the rotation of
the magnets, but at low speeds, they are negligible due to the low signal-to-
noise ratio. It is necessary then to drive the start of the motor generating a
fictitious angle via firmware that increases its rotational speed progressively
until reaching a constant speed considered a priori reliable to attempt the on-
fly switch to the sensorless algorithm. During that spinning up, the control is
running in a condition of low performance and low torque density because it
is not a field-oriented control by the way that the angle that is inserted into the
Park matrix does not come from the control feedback block but is a fictitious

one assuming that the rotor will be able to follow the angle. In this state, the
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angle acceleration is performed with a certain profile and direction according
to the direction request by the user in order to be ready at the moment of the

control loop closing in the next state.

— If a change of direction is required, the state is changed to MOTOR
SLOWING DOWN

— In case of zero speed request the state becomes MOTOR SWITCHING
OFF

— In case of overcurrent detection the state is changed in MOTOR SWITCH-
ING OFF

— If a start-stop command is detected the state is changed in MOTOR
SWITCHING OFF

* Case SENSORLESS
It is the main program for normal operation in sensorless mode. As soon as the
acceleration of the motor in open loop mode is finished, the program instantly

goes into this state where there are a series of controls and delicate actions.

— First, after appropriate adjustments, the instantaneous position reached by
the open loop motor is copied and pasted into the sensorless variables,
enabling the driving of the Park matrix by the algorithm itself and closing
the speed loop with the estimated speed.

— The estimated speed is analyzed to ensure it is consistent with the mini-
mum accepted values; in this case, the motor is considered properly started
and synchronized with the sensorless algorithm or, otherwise, if the motor
has lost the synchronization, the state is changed into MOTOR SLOWING
DOWN.

— The acceleration ramps are managed according to the speed required by
the user and even the inversion of direction with an automatic management

of the entire restart process.
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— In order not to make the overcurrent protection kick in, the values of the
proportional and integrative constant and the output saturations of the

current PI regulators are gradually modified in 4 steps every 100 ms.

— In addition, there is an algorithm able to appropriately modify the braking
output saturation values of the current PI regulators according to the
direction of rotation to avoid a possible too hard braking of the motor that
could cause an overvoltage on the DC bus of the inverter that in case of
non-regenerative DC source or in absence of braking resistor can lead to

a non-reversible failure of the inverter.

— If a change of direction is required, the state is changed to MOTOR
SLOWING DOWN

— In case of zero speed request the state becomes MOTOR SWITCHING
OFF.

— In case of overcurrent detection the state is changed in MOTOR SWITCH-
ING OFF

— If a start or stop command is detected the state is changed in MOTOR
SWITCHING OFF

* Case MOTOR SLOWING DOWN
It is a timing frame to wait for an eventual slowing down of the motor before

the automatic restart of the entire process.

— after the slowing down time has elapsed there is a change of state to the
ADC CALIBRATION

— If a start or stop command is detected the state is changed in MOTOR
SWITCHING OFF

* Case MOTOR SWITCHING OFF
It is a timing frame for an eventual slowing down of the motor before passing
to the STANDBY CASE.
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A particular that deserves to be described is a problem that emerged in the
first hardware version of the inverter, in detail during the transition from open-loop
control to closed-loop control for sensorless look-up, which is a critical moment of
the control, it was generating some impulsive disturbance on the phase currents and
due to possible problems of the PCB tracks layout, there was some radiated emission
on the microcontroller that were able to freeze it or move the input multiplexer of
the ADC capacitor to an incorrect channel, making the current readings unusable,
suddenly and dangerously stalling the motor. Before we had the second more efficient
and reliable prototype it was necessary to find a way that could quickly notice the
malfunction of the ADC and reboot them as recommended by the errata-sheet of the
microcontroller. The algorithm is based on the recognition in the current values arrays
at consecutive sampling times of at least one frame of equal values by use of a mobile
window filter of 5 elements length, to switch off and on the ADC peripherals. At first,
the usual way of using the Hardware Abstraction Layer (HAL) libraries was tried, but
unfortunately, the libraries took 5 ps for each operation, which rendered the system
unusable due to the large number of ADC failures happening. The switching on-off
drivers have been rewritten directly accessing the memory-mapped registers in order

to shorten on-off down to 0.5 j1s.

1.2.6 Results

The third inverter and motor prototypes were delivered to the company and are
currently in operation. The following pages report the characterization curves of the
third prototype. To calculate the efficiency of the inverter, the ratio between the power
on the three-phase line of the motor and the power absorbed by the DC bus was
considered. For the motor efficiency, on the other hand, the ratio between the power

transferred to the shaft and the power on the three-phase line was used.
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1.3 Active noise reduction

The rising use of electric motors in both industrial and domestic settings calls for a
reduction in vibration and noise levels, which would enhance user comfort and im-
prove system performance. Noise and Vibration Harshness (NVH) in electric motors
can be divided into electromagnetic, mechanical, and aerodynamic sources [3]. Aero-
dynamic NVH is primarily caused by fans or airflow turbulence within the motor’s air
gaps. At higher speeds, these aerodynamic forces can create vibrations in the stator
and motor housing, leading to high-frequency noise [4]. Mechanical NVH can arise
from issues such as shaft misalignment, rotor imbalance, and mechanical elements
like bearings, couplings, and gearboxes; the frequency ranges and intensity of me-
chanical NVH vary depending on the specific circumstances [5]. For instance, in a
direct-drive system, the torque ripple generated by the motor directly affects the load,
potentially degrading machine performance or damaging components[6]. Periodic
disturbances caused by magnetic anisotropy, due to the slotted design of the stator,
lead to fluctuations in torque and speed, which can adversely affect operation. By
minimizing harmonic components and power fluctuations transmitted from the motor
to the mechanical transmission system, overall performance and component lifespan
can be greatly enhanced. Numerous mechanical engineering studies have focused on
developing effective strategies for mitigating and isolating motor-induced vibrations
in mechanical and transmission systems. These strategies can be classified into two
main types: passive mechanisms that reduce vibration transmission from the motor
to the drivetrain, and active control algorithms aimed at mitigating motor-generated
vibrations. This study specifically addresses electric drives, where it is recognized that
unwanted frequency components in the supply current spectrum negatively affect mo-
tor performance. Permanent magnet electric motors (PMEMs) produce torque ripples
during operation, resulting in low-frequency components and mechanical vibrations
that can adversely affect the powertrain and transmission. These vibrations are caused
by parasitic torque arising from the interaction between the rotor’s permanent magnets
and the stator slots that contain the windings. This torque is influenced by the relative

positioning of the stator and rotor, with its periodicity per revolution determined by
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both the number of magnetic poles and stator teeth. Torque ripple occurs throughout
the motor’s operating range, leading to jerky motion, especially at lower speeds. At
higher speeds, the motor’s inertia tends to mitigate the effects of vibrating torque
on speed; however, torque ripple remains detrimental to the connected transmission

chain, causing vibrations and acoustic noise.

“Passive” Vibration Reduction Techniques for limiting torque ripple are especially
crucial for Interior Permanent Magnet Synchronous Motors (IPMSMs) and Surface
Mount Permanent Magnet Synchronous Motors (SPMSMs). Various "passive" tech-
niques can be implemented during the motor design phase to reduce the generation

of torque ripple:

» Skewing stator or rotor magnets. This technique involves skewing the stator
stack along its entire length at an angle equal to the slot pitch. It is highly
effective in reducing torque ripple but it has the downside of raising production
costs [7]. Similarly, rotor magnets can be skewed as well, which helps to reduce

cogging torque with lower costs [8, 9].

* Fractional-Slot Concentrated-Winding (FSCW). Fragmenting the winding blocks
of each pole into multiple stator cavities offers advantages such as high power
density, a greater slot-filling factor, and reduced cogging torque [10, 11, 12, 13].
On the other hand, Integral Slot Concentrated Windings (ISCW) can be used
as well, although they tend to exhibit a higher residual ripple [14].

* Stator dummy slots, slot bridges/slot openings. Auxiliary slots can be incorpo-
rated on select teeth and for a part of the stator length [15, 16]. To reduce the
magnetic path differences experienced by the magnets, magnetic bridge con-
nections (shoes) can be created between adjacent teeth, which helps minimize
cogging torque [17]. Additionally, optimizing the ratio between the magnetic
pole arc and pole pitch is essential for further reducing cogging torque [18].
However, one downside of slot bridging is flux leakage, which can lead to a

decrease in average torque.
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* Magnet pole geometry optimization. Research has demonstrated [19, 20] that
adjusting the offset and shape of the magnets in a Surface Permanent Magnet

Synchronous Motor can lead to a reduction in cogging torque.

 Stator geometry optimization. In [21] the relationship between the stator slot
depth and the cogging torque has been examined, finding that a 6.7% increase
in slot depth resulted in a 19.7% reduction in peak-to-peak cogging torque.
Additionally, in [22] it has been demonstrated that modifying the thickness of
the stator teeth and yoke can reduce vibration noise by increasing the resonant
frequency, thereby enhancing the stiffness and stability of the stator core. Similar

outcomes can also be observed in external rotor PMSMs [23].

» External rotor. In [18], the external rotor of a PMSM was designed to achieve

the minimum cogging torque.

While all these techniques effectively mitigate cogging torque and vibrations through
"passive" methods, they also complicate the motor’s construction and increase costs.
As a result, these solutions are often impractical, especially for specialized motors
or prototypes. Additionally, implementing these strategies can lead to a reduction in

torque density and overall efficiency.

"Active" Vibration Control (AVC) systems are gaining more and more importance,
especially for existing systems, since they can be installed without the need to replace
any components, thus minimizing installation costs. In [24, 25], the torque ripple
was reduced based on an analytical model. In [26], an iterative learning controller
is used to minimize torque ripple, while in [27], an adaptive algorithm is used to
self-tune the Fourier coefficients to minimize a periodic torque ripple. Many self-
adaptive algorithms can be used with the aim of minimizing a cost function, be it
noise, vibration, or torque ripple. In [28], the well-known Filtered-x Least Mean
Square (FXLMS) [29] was used to dampen engine torque ripple, while in [30] the

same algorithm was employed for the reduction of torque ripple in a PMSM.
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1.3.1 New proposal of Active Vibration Control System

The active methods discussed are especially effective for small motors powered by
converters that operate at high switching frequencies, resulting in a high cut-off
frequency for the current loop. This setup allows for a sufficient frequency separation
between the harmonics that need to be canceled and the cut-off frequency, enabling PI
current regulators to effectively compensate for the magnetic anisotropy affecting the
current set-points. If the bandwidth of the current regulator is inadequate to provide
the required spectral components, the compensating signal should be applied directly
to the d-q voltage axes.

In the proposed application [31], the motor has a nominal power of 3 kW with
72 stator teeth; therefore, the target frequency F; to be canceled is the 72nd harmonic
of the mechanical speed of the rotor F,, i.e., F; = 780 Hz for the 650 revolutions per
minute (rpm) case (F, = 10.8 Hz) and F; = 960 Hz for the 800 rpm case (F, = 13.3
Hz).

Since it is necessary to have a PWM frequency of at least one order of magnitude
higher than the harmonic to be canceled to generate a sufficiently well-shaped sinu-
soid, and having a switching frequency of 10 kHz, the cut-off frequency of the current
loop is limited to 700 Hz and the harmonic to be canceled is outside the bandwidth of
the current controller. For this reason, unlike many studies that compensate for torque
ripple by adding a specific signal to the current references, we investigated an alterna-
tive approach to attenuate the 72nd harmonic using a single-frequency feed-forward
AVC that directly modifies the voltage applied to the d-axis. This method proves
effective at frequencies above the current loop bandwidth and up to about an order
of magnitude lower than the switching frequency, allowing for the cancellation of
harmonics up to approximately 1 kHz. This technique is particularly applicable for re-
ducing parasitic vibrations in manually operated tools and machinery, which fall under
hand-arm exposure regulations. The ISO 5349-1:2001 standard, titled “Mechanical
vibration Measurement and evaluation of human exposure to hand transmitted vibra-
tion,” specifically addresses the adverse effects of vibrations transmitted to the hands
within the frequency range of 8 Hz to 1 kHz. The motor under test was installed on a

motor test bench and monitored using a piezoelectric accelerometer along with three
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current sensors. Various combinations of amplitude and phase values for the injected
current were evaluated to optimize the attenuation of the 72nd harmonic. Significant
reductions in measured acceleration were achieved: -13.5 dB at 780 Hz when the
motor operated at 650 revolutions per minute (rpm), and -29.0 dB at 960 Hz with the

motor running at 800 rpm.

For the harmonic attenuation algorithm (Fig. 1.33), the cancellation signal is
directly added to the voltage modulation index on the g-axis. The PI current regulator
has been bypassed since, as mentioned earlier, the harmonic that needs to be canceled

is outside its bandwidth. The injected current i”q is a function of:

Vig=Vv,+V, (1.98)

where

V, = Kiny - sin Oy + @iy (1.99)

is an oscillating voltage component for compensating the 72nd harmonic (torque
ripple due to magnetic anisotropy), yy; is the mechanical angle of the rotor position
(estimated by the observer) multiplied by 72, ¢;v; and Kjy; are the phase and the
amplitude, respectively, determined to obtain the maximum harmonic cancellation.

The injected current i ¢ 1s responsible for the torque:
T =T+T. (1.100)

where T is the ideal torque (1.70) and 7 is a compensating torque, due to the oscillating
component V,, of VNq. The values of ¢y, and Kjy; must be finely tuned so that 7,
caused by the injected current i//q, can generate a mechanical vibration having the

same amplitude and opposite phase compared to the 72nd harmonic to be attenuated.
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Figure 1.33: Control loop with current injection for active noise reduction

1.3.2 Active noise reduction feasibility simulation

Using the previously presented equations for the SPMSM model (1.67), the d-q control
algorithm, and the proposed injection method, a MATLAB/Simulink simulation was
carried out Fig. 1.34. With reference to Fig. 1.34, the electrical model of the motor
is represented within the red block, surrounded by the d-q current control system.
As discussed earlier, the iy setpoint is maintained at zero, while the i, is controlled
by the speed loop. The compensation algorithm, applied in both the simulation and
experimental phases, relies on two look-up tables (the MAG Look-Up Table and the
PHASE Look-Up Table) that define the magnitude and angle of the compensating
voltage sinusoid as functions of the rotating frequency. The values in these look-up

tables were determined through linearization of the system around the operating point.
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Figure 1.34: Simulink simulation for the automatic compensation of the noise based

on the Look-Up table for phase and amplitude, generated by the inverse function

transfer from current to torque.

The effectiveness of the proposed algorithm has been demonstrated through a plot

of the motor torque, which compares the performance of the compensated system

with that of the uncompensated system (Fig. 1.35).
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Figure 1.35: Output torque with and without compensation algorithm

As observed, the torque waveform using the compensation algorithm shows damp-
ened oscillations, with only 0.42% of the drive torque compared to 1.7% without com-
pensation. Following these promising simulation results, the compensation algorithm
was then tested on an SPMSM mounted on a motor test bench.

1.3.3 Measurement System

The vibration and current signals were measured on the motor mounted on a motor
test bench, as shown in Fig. 1.36.
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Figure 1.36: Accelerometer positioning on the motor and axes orientation

The vibration signals were acquired using a triaxial piezoelectric accelerometer, a
Dytran model 3233 A, whose specifications are shown in Table 1.4. At the same time,
the three-phase currents were measured with current sensors, type LF 210-S from the
manufacturer LEM. See Table 1.5 for LEM sensor specifications. An image and a

schematic representation of the complete acquisition system are shown in Fig. 1.37.

0.6
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Figure 1.37: Electronic setup for analog signal adaptation and digital acquisition

Table 1.4: Dytran 3233A Table 1.5: LEM LF 210-S

specifications specifications
Specification Value Specification Value
Type IEPE Primary current 200 A
Sensitivity 1000 mV/g Secondary current 100 mA
Measurement range +5 g peak Nominal sensitivity 0.5 mA/A
Frequency range X, Y: 0.4 Hz-6 kHz Sensitivity error +0.1%

Z:0.4 Hz-3 kHz Frequency bandwidth (-3 dB) 100 kHz

Maximum Output Voltage *5V Supply voltage (nominal) +I5V
Excitation 18-30 V DC Closed loop (compensated) Yes

All of these signals were captured using a digital Data Acquisition (DAQ) system
consisting of two components: an Interface Board (IB) and several Acquisition Nodes
(AN) connected to the IB via the Automotive Audio Bus (A2B). Each network can
transmit up to 32 signals, all synchronized by the bus with minimal jitter [32] and
a deterministic latency of 50 ps, at a sampling frequency of 48 kHz over a single

unshielded twisted pair wire.
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1.3.4 Results

The experimental campaign was conducted at two different motor speeds, 650 rpm, a
rotor frequency of F, = 10.8 Hz, and 800 rpm, being F, = 13.3 Hz. The motor was run
at the target speed for 30 min to reach a stable temperature condition before starting
the measurements. For each speed, a total of 25 measurements were performed by
combining five values of amplitude and five values of phase of the injected current are

shown in Table 1.6 and Table 1.7 with the aim of maximizing the cancellation effect.

Table 1.6: Vibration attenuation in function of current modulation index amplitude

and phase values at 650 rpm

Modulation index (KINJ) Phase (rad)=-1.05 Phase (rad)=-0.79 Phase (rad)=0 Phase (rad)=0.79 Phase (rad)=1.05

0.05 -7.5dB -10.0 dB -7.5dB -1.0dB 0dB
0.06 -5.0dB -8.5dB -11.5dB -1.0dB 0.5dB
0.07 -5.0dB -8.0dB -13.5dB -1.5dB 0dB
0.08 0dB -2.0dB -9.0 dB -1.0dB 0.5dB
0.09 1.5dB 0dB -5.0dB -1.0dB 1.0dB

Table 1.7: Vibration attenuation in function of current modulation index amplitude

and phase values at 800 rpm

Modulation index (KINJ) Phase (rad)=-1.05 Phase (rad)=-0.79 Phase (rad)=0 Phase (rad)=0.79 Phase (rad)=1.05

0.05 -2.5dB -5.0dB -11.0dB -2.0dB 0dB
0.06 -1.5dB -4.0dB -17.5 dB -2.5dB -0.5dB
0.07 -0.5dB -3.0dB -29.0dB -2.0dB 0dB
0.08 1.5dB 0dB -13.0dB -2.0dB 0dB
0.09 2.0dB 0dB -8.0dB -2.0dB 0dB

The vibration level was first measured for the nominal condition of the motor,
i.e., in thermal equilibrium, without current injection, along the Y direction (the
orientation of the accelerometer can be seen in Fig. 1.36). This measurement was
carried out to identify the target frequency F; to be reduced in the interested operating
frequency range. The spectra of acceleration levels were calculated by means of fast
Fourier transform (FFT), averaging multiple blocks of 2!¢ samples each, overlapped

by 75%, with Hann windowing. The frequency resolution is d; = f;/ 216 ~ 0.73H.
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The spectra are referred to the acceleration reference unit of the I.S. for dB conversion;
thatis, a,.r = 10~ %m / s%. The results are shown in Fig. 1.38 (left) for the 650 rpm case
(F, ~ 10.8Hz) and in Fig. 1.39 (left) for the 800 rpm case (F, ~ 13.3Hz). The target
frequency F;, the one having the largest amplitude, resulted as the 72/ harmonic
of the fundamental rotor frequency; that is, F; = 780Hz for the 650 rpm case and
F; = 960Hz for the 800 rpm case. As can be seen in Fig. 1.38 (right) for the 650
rpm case and in Fig. 1.39 (right) for the 800 rpm case, the target frequencies F; are
also modulated by the rotor frequency F;, which in turn causes the appearance of
two further disturbance harmonics, i.e., the 71" and the 73", They correspond to the
frequencies Ft, =769.2Hz and F," =790.8Hz for the 650 rpm case and Ft/ =946.7Hz
and F,// = 973.3Hz for the 800 rpm case. However, only the 72nd harmonic was
considered in this work, leaving a multi-tone cancellation algorithm for subsequent

developments.
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Figure 1.38: ISO 5349-1:2001 standard for human exposure to hand-transmitted vi-

bration inside 8 Hz to 1 kHz spectrum, and 72’ h harmonic to be deleted, at the rotation

speed of 650 [rpm]
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Figure 1.39: ISO 5349-1:2001 standard for human exposure to hand-transmitted vi-
bration inside 8 Hz to 1 kHz spectrum, and 72" harmonic to be deleted, at the rotation

speed of 800 [rpm]

The effectiveness of the current injection technique was evaluated by calculating
the amount of reduction in terms of acceleration level (dB) at the target frequency
F;, for each of the 25 conditions as a function of phase and amplitude of the injected
current. The minimum points in the charts of Fig. 1.40 correspond to the optimal
combinations of phase and amplitude of the injected current, which provides the
maximum cancellation performance. Remarkable results were obtained, with a re-
duction of the vibration level equal to -13.5 dB at F; = 780Hz for the 650 rpm case
and to -29 dB at F; = 960Hz for the 800 rpm case. One can note that the optimal
working point becomes narrower as the frequency increases, as usually happens in
most of the Active Noise Cancelling (ANC) applications [33, 34].



64 Chapter 1. Fan drive electrification

650 rpm 800 rpm

§ ] -39 )
4
1.05 4 - - - 1.05
Current [A] 2 0.79 2 - 0.79

] - ~o - 0
0 105 079 phase [rad] Current [A] 0 05 079 pocefrad]

(a) (b)

Figure 1.40: Characterization of motor response to the current injection to find the
best amplitude-phase combination for the best attenuation level for both 650 and 800

pm cases.

Then, the spectra of the acceleration level were also calculated for the AVC-on
condition, running with the optimal parameters for the injected current. In Fig. 1.41,
they are shown in comparison with the nominal conditions, confirming the above
analysis. One can note the target frequency F; = 780 Hz for the 650 rpm case is
reduced by 13.5 dB, and F; = 960 Hz for the 800 rpm case by 29 dB. There is a
significant reduction in noise, in the case of 650 rpm, there is a 78% reduction, while

at 800 rpm, there is a reduction in noise of 96%.
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Figure 1.41: Harmonic amplitude reduction due to AVC on for both 650 and 800 rpm

cases

Eventually, the time domain signals were analyzed by means of their Root Mean
Square (RMS) value. For each tested speed, the optimal condition with AVC on and
the nominal condition with AVC-oftf were compared in Table 1.8, with the aim of
assessing the amount of overall vibration level reduction in the frequency range 8
Hz - 1 kHz, considered by the hand-arm regulation for manually operated tools and
machinery. The overall acceleration levels were reduced by 1.7 dB for the 650 rpm
case and by 3.4 dB for the 800 rpm.

Table 1.8: Motor Speed and Overall Acceleration Levels

Motor Speed [rpm] AVC System Condition Overall Acceleration Level [dB]

650 OFF 77.2
650 ON 75.5
800 OFF 76.3

800 ON 72.9







Chapter 2

Test bench for '""Arena del futuro"'
asphalt characterization

For recharging electric vehicles in motion, several options are available: an overhead
pantograph system, a sliding contact system under the pavement, and a wireless energy
transfer system from below the asphalt [35]. For safety and ease of use, the wireless
system is the most promising. The company Brebemi has developed an experimental
circuit "Arena del futuro" to test the recharging of cars and buses while in motion,
near the Chiari East tool gate featured with a total length of 1,050 meters, a width of 8
meters, 7 types of pavement and composed by a huge amount of coil tuned to resonate
at the frequency of 86.6kHz and with a total absorbed power of 1 MW [36, 37].

The fundamental idea of this work was to experimentally investigate in the lab-
oratory the effect of the magnetic field on various bituminous materials, which will
ultimately form the layer of aggregate above the coils. Furthermore, this project aims
to keep all options open for potential second-order effects that may arise, particularly
the possibility of absorption/distortion of the magnetic field by the bitumen, especially
as it may change over time due to factors such as oxidation of the bonds. To observe

the relationship between field intensity and aging, we decided to position the samples
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at three different distances from the coil, allowing us to appreciate the attenuation of

the field, considering that its intensity decreases quadratically with distance.
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2.1 Hardware

2.1.1 Test bench

The test bench designed was intended to measure magnetic field intensity at various
heights Fig. 2.1. It consists of three drywall shelves positioned above the coil (which
rests on an additional shelf for fire safety), serving the dual purpose of a support

platform for the samples and a support structure for the magnetic field sensors.

Figure 2.1: Test bench

¢ Level O: The level on which the coil rests.

* Level 1: It is 10cm above the coil, the first level for supporting samples, with
sensors fixed on the underside of the shelf to obtain readings of the field just
below the samples (undistorted by any samples).

e Level 2: It is 20cm above the coil, the second level for samples, with sensors
also fixed on the underside of the shelf to obtain readings of the field just below
the samples.

e Level 3: It is 23cm above the coil, the final shelf that completes the structure,

serving solely to support sensors. In this case, the sensors were positioned on the
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top side of the shelf, extending an additional 0.5 cm to facilitate measurements

where the field would be more geometrically linear.

Each level from the first to the third was equipped with 8 sensors (corresponding to the
positions of the samples), ensuring they were perfectly aligned with their homologous
positions so that across the three Z-axis height values, the 8 sensors on each plane
shared the same XY coordinates. To achieve this, reference marks were traced on all
planes indicating where the sensor heads should be placed. It was essential to ensure
that once the various shelves were mounted, the sensors at each level were precisely

aligned.

To facilitate this, after taking all necessary measurements and marking the various
references on the shelves, we decided to create reference templates by stacking all the
shelves one atop the other without spacers. Meticulously, small holes were drilled with
a 1.5mm diameter bit at the four corners of each level. This way, once the structure
was assembled, a thin wire could be passed from the top shelf down to the base,
ending with a weight. By observing that the wire passed without ever touching the
shelves, we were able to coordinate the measurements and ensure perfect alignment

of the various levels.

To secure the sensors, and in order to avoid any solution involving metallic
materials and not wanting to use adhesives that would complicate the replacement of
faulty sensors, we opted for rectangular PVC pieces shaped with hot air Fig. 2.2. Once
glued on one side, these pieces could, due to their elasticity, hold the sensors firmly

in place against the drywall.
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Figure 2.2: Sensor attachment

2.1.2 Sensors

For the measurement of the magnetic field, Hall effect sensors produced by Allegro
were chosen. These sensors are powered by a 5 VDC supply voltage and have a
measurement range of +50 G (Gauss) or £5mT, with an analog output that takes the
value of 0V for —5mT (-50G) measurement, 2.5V for the absence of a magnetic field,
and 5V for 5mT (50G) measurement. For clarity, the first-level sensors are numbered
from O to 7, the second-level sensors from 10 to 17, and the third-level sensors from
20 to 27, so that, for example, sensors 4, 14, and 24 represent readings in the same
XY plane but at three different heights along the Z axis. Fig. 2.3
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Figure 2.3: Sensors placements

2.1.3 Signals conditioning

The signal from the sensors had to be appropriately conditioned because if it has
wanted to acquire the 24 sinusoidal magnetic field signals using a data acquisition
board (National Instruments DAQ) that consists of a single analog-to-digital converter
(ADC) with a sampling rate of 255 kS/s, we would obtain readings that are completely
undersampled, because of the frequency of the magnetic coil being 86.6kHz. There-
fore, the solution is to transform each sinusoidal value into a continuous value rep-
resenting the peak value. To achieve this, a peak detection front-end circuit Fig. 2.4
was created for each channel, allowing the National Instruments board to acquire

continuous values.
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Figure 2.4: LTspice simulation of the peak revealing circuit

In particular, there is a first RC low-pass filtering stage to filter out any distur-
bances, with a cutoff frequency fs;p (2.1) chosen to allow the useful signal to pass
unchanged while blocking potential disturbances in the higher frequency bands. With
C1 = 2.51nF chosen, the value of R; (2.2) was selected by setting f34p, = 830kHz
ensuring it is greater than R,,;, (2.7) calculated at the operating frequency to avoid

exceeding the maximum current rating /. = 10mA coming from the sensor.

1
= 2.1
f3as;, T 7RG 2.1
R = ! = ! —76.7Q (2.2)
"7 2.1 fags, C1 2-m-830-103-2.5-10° '
Zc - (2.3)
! 2-w-f-Cy
Xe=— L ! —767Q (2.4)
'T2m-f-C, 2-m-83-10°-25-10° '
v,
|Ronin +Zc, | = —Imax (2.5)
max
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’Rmin +ZC1 | = (me(Rmiﬂ) + S)fie(ZC] ))2 + (jm(Rmi”) + jn.l(ZCI ))2 = R%u'n +X2
(&
(2.6)

Ron = | s _x2 — |5 _gep 2.7)
"N R, T\ (10-1073)2 ‘

According to the capacitor value and (2.8), there is no minimum value of R,

S=FAR,, R (2.8)

For the band regulation of the peak detector, C; and R3 has been set choosing a

3 dB frequency f34p . significantly lower than the frequency of the input signal to

out
eliminate residual ripple, and since the measurements are at very low dynamics, there
is no risk of losing detail. C3 = 200nF has been chosen significantly big in order to
avoid being affected by any potential leakage currents from the diode or its own, so

R, becomes from (2.9)

1 1

R: =
7 2.7 faup,,-C3 2-m-83-200-10°

=9.6kQ 2.9)

A Schottky diode PMEG2020AEA has been chosen that for forward current of
10mA has a threshold voltage of 200mV.

A TLV354 op-amp buffer was included in an inverting configuration to decouple
the input filter from the output filter; otherwise, it wouldn’t have been possible to
achieve the previously described calibrations. The characteristics that led to this
choice include rail-to-rail levels for both input and output, as well as a high slew rate
SR = 150V /ps, high output current around 100 mA useful for the cyclic fast charging
of the output filter.
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(a) (b)

Figure 2.5: Signal coming from the Hall sensor added with a sinusoidal disturbance in
green, signal filtered for the sinusoidal disturbance elimination red, peak information

to be fed into the digital acquisition card blue
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2.2 Software

An entire software was developed in LabVIEW capable of recording all 24 signals
simultaneously to a CSV file every 20s. Specifically, for each channel, 100 readings
per second are taken (conditioned by various correction coefficients to convert the
information from voltage to Gauss), displayed on a time-based graph, and every 10
seconds, one packet of 100 readings is taken, averaged, and recorded in the file along
with the corresponding date and time logs. The coil provided by Electreon and the
driver designed by Politecnico di Milano is designed to conduct accelerated testing
on asphalt, intermittently powering the coil to simulate continuous vehicle traffic (5s
on, 10s off) with a frequency of 86.6kHz. A control was added to the acquisition
code to discard any packets if even a single sample of 100 was acquired during an
"off" moment. To achieve this, a sentinel sensor (number 0) was chosen, and the
code checks each cycle to see if every sample in the considered packet falls within
an acceptable range or not. If the control passes, all packets from each channel are
processed, averaged, and recorded; if not, they are all discarded, and the code retries

in the next 10s slot.
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2.3 Results

The acquisition system has been calibrated and tested and can correctly detect and
record the magnetic field of all sensors. The results about the behavior of asphalt

aging under magnetic fields are not available yet because tests are still in progress.






Conclusion

The current period is leading to the development of technological maturity in an
attempt to address problems that have been latent for years, specifically the issue of
pollution caused by heavy-duty machinery or automotive vehicles. In particular, in
collaboration with the company Casappa S.p.A, it was decided to begin a long and
complex process of electrifying excavators, starting with the least critical actuator
for the machine’s functionality but most interesting from an engineering challenge
perspective: the fan-drive for cooling the hydraulic oil in the machines. The challenge
arises from: the high temperatures near the oil radiator, the wide speed dynamics, and
the high compactness and reliability required when integrating the inverter into the
brushless motor. First, a theoretical analysis was conducted with Simulink simulations
of the entire electromechanical system, linearizing the fan and then implementing
controls with various PI controller architectures with one and two degrees of freedom,
comparing their ability to maintain speed at steady-state and in case of sudden torque
insertion. It was observed that, as expected, the 2-degree-of-freedom architectures
were much better at recovering speed in the event of a sudden torque insertion. In
coordination with the company, evaluating the use case (i.e., torque applied as a
function of speed and never suddenly), and considering computational resources of
the microcontroller, it was decided to use the 1-degree-of-freedom PI controller, which
provides an excellent performance to computational cost ratio.The inverter powered
at 48 V, which was designed during my master’s thesis in collaboration with the
company, was first perfected. The entire firmware for vector control was designed and

written, first with a speed sensor and then with a rotor position estimation algorithm to
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increase reliability. A test bench was set up to test the motor, and after three prototypes
of inverters and motors, a very satisfactory result was achieved, with drive efficiency
reaching up to 90%. During development, a very noisy motor was discovered due to
cogging between rotor magnets and the stator caves. A solution was devised to reduce
vibrations via firmware by injecting custom current components into the stator. As
a result, there was a significant reduction in noise: for a noise frequency of 780 Hz
(650 rpm) there was a reduction in noise by 13.5 dB, and for 960 Hz (800 rpm) there
was a reduction in noise by 29 dB. The RMS overall vibration level in the frequency
range of 8 Hz — 1 kHz, considered by hand-arm regulation for manually operated
tools and machinery, was reduced by 1.7 dB for the 650 rpm case and by 3.4 dB for
the 800 rpm. Finally, I collaborated on a project to create a test bench to conduct
accelerated aging tests on asphalt samples to be used in an experimental circuit for
wireless vehicle charging, to study the effects of the magnetic field at frequency of
86.6 kHz on various bituminous materials. The mechanical structure was prepared,
the connections for various Hall effect sensors were made, along with the analog
adaptation stages and peak detection of the sinusoidal magnetic signal. Finally, the
code was written in LabVIEW for recording the data and subsequent graphing. The
tests are still ongoing, and the data are being analyzed by the UNIPR civil engineering

research team.
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