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Abstract

Nowadays Hardware-in-the-loop simulation (HIL) techniques are increasingly in
demand since, in addition to ensure excellent efficiency, they are increasingly used as
they are able to allow simulations that would normally damage or destroy the
machine.

In this way, test beyond the normal range of operation can then detect whether the
control system can operate the machine safely.

The project carried out at Kineton S.r.l. involves the implementation of an electric
motor model, a permanent magnet synchronous motor (PMSM), in a hardware-in-
the-loop environment, using an external control unit with sensorless FOC control as a
Device Under Test.

The implementation of the model will be partly on the processor and partly, given the
high frequency band, will be done using the FPGA.

The project has as its application an electric turbocharger, for this reason as an
additional objective is the achievement of high speeds and performance.
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1. PREFACE

1.1 Aim of the thesis project

The aim of the thesis project, carried out at the company Kineton S.r.l., involves the
design of a Hardware-in-the-loop (HIL) system, low voltage, consisting of an external
control unit with sensorless FOC control (and CAN communication), that will perform
the function of Device Under Test (DUT); a model of a permanent magnet
synchronous motor developed on a processor and an inverter model (together with
the Clarke & Park transformers) developed on FPGA, given the high frequency band.
In this thesis project, the permanent magnet synchronous motor has an electric
turbocharger as application, so that the additional objective is to achieve high speed
and performance of the motor itself.

A phase of study and research of all theoretical topics related to the project will be
deepened in the first chapters in order to achieve the goal. Then we will discuss in
detail the project carried out with the exposure of the results obtained.

1.2 Structure and characteristic of the company Kineton

Kineton was founded in 2017 as an innovative startup by a group of ten professionals
specializing in automation and software development. Kineton S.r.l. is an SME that
offers cutting-edge engineering services.

A few years after its foundation it has about 400 employees located in Naples, Milan,
Reggio Emilia, Turin, Birkenhead (GB) and Tirana (AL).



2. INTRODUCTION

2.1 HIL: hardware in-the-loop structure

In order to replace the traditional testing method that might lead to time-consuming,
expensive and potentially unsafe algorithms, test engineers have substituted this
method with Hardware-in-the-loop (HIL) testing. This type of simulation allows
testing of the system in its intended modes of operation as well as under dangerous
or emergency situations without risking loss of life or valuable assets.

Moreover, critical or strange environmental conditions that may be almost impossible
for system test, like outer space or icy roads in summer, can be simulated using
computers and appropriate software algorithms.

Hardware-in-the-loop simulations run at real time speed and perform I/O with the
system or subsystems under test, in this way the test item believes it is operating as
a component of a real systems in its operational environment.

These systems or subsystems can be tested both under nominal conditions or under
their intended operational boundaries in order to prove their proper operation under
all conditions.

The ability to fully test subsystems using simulation early in the development process
can significantly reduce the debugging time and project risk compared to the different
approach of waiting until a prototype is completed before performing integration and
test.

ﬁ Hardware-in-Loop

= Real-time Simulation

Figure 2.1 - Hardware-the-loop Simulation
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Some advantages of using and Hardware-in-the-loop (HIL) simulations are:

- Improve safety: HIL permits to test or simulate dangerous situations without
both risking damage to the vehicle and the safety of the person who normally
perform test simulation;

- Increases the quality: if used in a Model-based design process it will grow
together with the real system project and will be able to be continuously used
for testing control system.

- Save time: error cost grows with the time spend to find them. Usually, the
development of the machines and the control system takes place in parallel,
these lead that control system errors are found during the commission. With
the Hardware-in-the-loop (HIL) testing errors can be found and fixed first, |
order to reduce the commission time;

- Save money: testing a real system could lead to high cost because it can require
expensive prototypes, high startup costs or expensive safety precautions. HIL
can avoid all these types of costs. It requires lot of time in the implementation
phase;

- Human Factor: it can be used for testing human interaction on the machines,
this permit to test if they can be used easily and comfortably;

The design of the HIL is separated into the design of the electrical aspects of the
simulator, the modeling of the | / O and the system, and finally the creation /
execution of the tests.

The hardware used for the project is SCALEXIO from dSpace.
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Figure 2.2 - Scalexio



This hardware is composed by:

- Real-time processor: is based on an industrial PC with an Intel Core i7 quad-
core processor, a real-time operating system (RTOS) and a PCle plug-on card
designed by dSpace for communication between | / O and real-time processor.
It is connected to the host pc via Gigabit Ethernet, used to configure the entire
simulator, load real-time applications and monitor / control the HIL simulation;

- 1/O network: real-time processor and | / O boards communication has an effect
on the minimum cycle time of the simulation step. dSPACE has developed a
new serial | / O network called IOCNET, used for the first time in SCALEXIO.

- 1/0 boards: HighFlex, MultiCompacte FPGA 1/0O.

SCALEXIO is configured through the ConfigurationDesk software. The process is
divided into:

e Describe the connected external devices;

e Select the | / O functions for each signal;
e Link the | / O functions to the plant model.

ConfigurationDesk === ===

6.0

Figure 2.3 - Configuration Desk



2.2 FPGA

A Field Programmable Gate Array (or FPGA), in digital electronics, is a programmable
logic device where inside it you can find logic circuits that can be reprogrammed

Vo Pads , Connection Boxes through a specific string of
EEEEEREEEER Fonﬂguratmn bits, so as to.be a.ble .to
e i implement both sequential circuits

(for example flip-flops or other more
complex circuits) and combiners

(AND / OR gates or more complex
Configurabl

Logic ~ - . - l,_f = . Switch CirCUitS)-

Blocks i~ @ % Programming and any changes are

» ._.—.—.F‘é m made using appropriate hardware

ooy B eica  description languages such as Verilog
- SEhamel o VHDL.

5 o .‘ O o g The internal structure of an FPGA

] generally consists of a matrix of

configurable logic blocks (CLBs)
connected to each other through
programmable interconnections. At the edges of this matrix there are the input and
output blocks (1/0).

The CLBs perform the logic functions and are put into communication by a set of
interconnections, while the | / O deal with interfacing the circuit with the outside
world. Each of these logic blocks contains a set of elements, including a lookup table
(LUT), multiplexer, and register, which can be configured to behave as required.
Many FPGAs use 4-input LUTs that can be configured to implement any 4-input logic
function. The LUT output is connected directly to one of the logic blocks outputs and
to one of the multiplexer inputs. The other input to the multiplexer is connected
directly to an input of the logic block. The multiplexer can be configured to choose
one of these inputs.

The multiplexer output feeds the register input. Each register can be configured to
function as a flip-flop or latch. The clock of each register can be active high or active
low. The interconnection can be configured to connect any output from any logic
block to any input of other logic blocks.

The primary inputs of the FPGA can be connected to the inputs of any logic block and
the outputs of any logic block can be used to drive the primary outputs of the device.
Peripheral interface functions such as CAN, I2C, SPI, UART and USB can be included as
hard core in the chip.

Figure 2.4 - FPGA



High-speed buses such as AMBA and AXI are typically used for communications
between processor cores, interface functions and programmable structure.
Benefits:
Flexibility:
e It can implement any type of circuit, from a simple counter to an entire
microprocessor.
e It can reconfigure the implementation during the development phase without
changing the hardware.
Speed:
e The execution can be done in parallel.
e The control loop can be made with a very high sampling time.

2.2.1 Xilinx System Generator for DSP
Xilinx System Generator for DSP (SysGen) is a particular tool present in MATLAB,

specifically on Simulink, for high-level design and programming to define, test and
implement high performance DSP algorithms on Xilinx devices.
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Figure 1.5 - Xilinx for DSP block

Digital signal processing algorithm (DSP) is a specific step-by-step procedure for
mathematical calculations designed to manipulate digital signals.
It offers a limited set of features compared to Simulink.
It needs the System Generator block to specify the hardware target, clock, timings
and configuration parameters.
The key features are:

e DSP algorithms.

e It supports fixed and floating operations.

e Automatic generation of HDL.

e Post synthesis and post implementation temporal analysis.



2.2.2 RTI FPGA Programming block

RTI FPGA Programming block is a simulink blockset to integrate an FPGA application
into a dSPACE system. It is used to implement:

the interface between FPGA and | / O channels and the interface between FPGA and
real-time processor.

Figure 2.6 — RTI;rogramming block

The execution time of an FPGA is faster than the execution time of the real time
processor.

e Develop two subsystems in Simulink: processor application and FPGA model;
e |Implements the functions of the FPGA (XSG Blocks);

e Set the FPGA interface (FPGA_SETUP_BL);

e Simulate the behavior of the FPGA subset;

e Set the communication model of the processor (goto, from)

¢ Implement features from the processor side;

e Simulates the entire model;

e Build the FPGA application from the FPGA submodel;

e Export the FPGA application and processor model to ConfigurationDesk;
e Configure the signal properties;

e Build the processor application using ConfigurationDesk;

e Run the entire model in real-time hardware.



2.3 Introduction to automotive

Since its inception, automotive industry has been in a constant evolution, between
the ups and downs of global or territorial crises, and it has radically affected the
economies of most countries, as well
as society itself.
In the first decades of the 900s, in a
country that has the typical
characteristic of a growing state like
United State of America, first
automotive industries are born.
In Europe, automotive industry was
already there since the last decade of
800s, obviously with models based
on carriages.
With the 900s they began to be
produced passenger cars much more
Figure 2.7 - Automotive practical and versatile but reserved
only to the “elite” category of the
population. Due to the outbreak of the World War |, automotive industries suffer a
major arrest, mostly in Europe.
From the first happenings of the twentieth century you can guess the huge evolution
of the automotive industry, above all we can see how it was able to adapt to both
historical conditions and to condition historical
eventsinturn, as in the case of the World War |, where motor vehicles brought a huge
change in warfare strategy.
Since its beginning vehicle like passenger car have been dominated by mechanical
component. Electrical parts played a peripheral role, mainly for: ignition, starter,
Battery charging, user information or illumination. Mechanical part instead, were
responsible for torque generation, distribution and for controlling dynamic vehicle
behavior.
With the passing years the need to improve performance and new features grew
significantly. The limit of what was possible using only mechanical parts was reached.
Consequentially, electrical and electronic parts were massively introduced to
overcome this limit.
Nowadays, the electronic component is ruling on the mechanical parts: more than
the half of the cost of developing a vehicle comes from the design and validation of
the electrical part.




A modern vehicle is an interconnection of several intelligent entities cooperating
towards a common goal in order to achieve some performances objective like, for
example, lower emission, longer ranger or higher safety.

Things changed “a little bit” since 1965, more than a hundred ECUs embedded,
connected with several in-vehicle networks, for systems/services have different
requirements and require different technologies.

In-vehicle network introduce several advantages with respect of using discrete wiring:

Reduce the amount of wiring: this mean less weight, cost and wasted space and
more eco-friendliness;

Improve Flexibility: more software-controlled functions, less hardwired
functions, more freedom in components placement and wire routing;

Share information more easily: in vehicle networks can broadcast information
to al interested parties; Gateways can propagate information from one
network to another and even more importantly, they can make it available to
other vehicles;

In a vehicle we can classify different type of ECUs:

Powertrain _and Chassis Control: Engine, automatic transmission, hybrid
control, steering, brake suspension and so on;

Body Electronics: Instruments panel, key, door, window, lighting, air bag, seat
etc.;

Multimedia Applications: Car audio, car navigation, traffic information,
Electronic toll collection (ETC), back guide monitors etc.;

Integrated Systems/Services: Electronic stability control, pre-crash safety,
Parking assistance, lane keeping assistance, autonomous driving etc.;

I

Figure 2.8 — Vehicle evolution



2.4 Electric motors

The internal combustion engine is destined to disappear to make room for new
solutions like electrical motors and batteries.

The electric motor constitutes a system that convert electric energy into mechanical
energy for movement. There are different typology exists of electric motor and they
can be used for this purpose. An electric motor must be able to:

- Starting from a null velocity develop a significative torque;

- ensure significative peak power in order to have the same performance as
traditional vehicles;

- have an electric motor piloting and control system as simple as possible;

- be compact and light;

- cost relatively little;

- have high efficiency at the highest levels;

- working as a generator when slowing the vehicle.

Synthesizing, an ideal motor for traction application must have excellent
characteristics like high torque, high power density and good energy efficiency.

Figure 2.9 - Electric motor
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Typology of electric motor:

o DC motors: DC motors should be mentioned in this sequence as they were the first
motors to be widely used in traction applications in the early part of the last
century. They offered, and still offer, concrete
redmnts - nositive aspects: high starting torque, the ability to
" support sudden increases in load, easy speed
| control, construction simplicity and low costs.

= ™™ But they have a major drawback: the need for
h electrical contacts, brushes, on a rotating part to
make it possible to switch polarity on the rotor

windings.
This aspect makes them need constant maintenance, due to the consumption of
brushes normally made of carbon, and this has practically put them out of the

market for these types of applications;

Shaft —

Figure 2.10 - DC Motor

o Permanent Magnet Synchronous Motors (PMSM): Permanent magnet
synchronous or sinusoidal brushless motors are
saorwingngs  €5sentially intended for high performance drives
R where the particular specifications justify their
cost, which is usually high due to the presence of
valuable permanent magnets in the mobile
element. The electromechanical conversion that
they carry out follows the operating principle of
electrodynamic systems in which, however, the
conductors on which
the forces act is placed in the fixed part (stator) and the rotor is set in motion due
to the physical reaction principle.

Figure 2.11 - PMSM

o _Continuous brushless motors (BLDC): they do not suffer of the inconvenience need
for maintenance of which brush motors suffer
from. They have similar characteristics to those
in DC: a great couple at start-up,

high energy efficiency and they can be designed
to achieve one power density particularly
compact dimensions.

For these characteristics they are among the
preferred types of engine in e-bike and two-
Figure 2.12 - Brushless motor wheeled medium power applications, where the

compactness factor is fundamental.
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In BLDC motors the windings are not on the rotor but on the stator, the fixed part,
while it is the rotor that contains the permanent magnets.

Since the windings are fixed, the brush-rotating commutator combination is not
necessary, as the rotation is obtained by controlling the magnetic field generated
by the windings that make up the rotor while the magnetic field that is generated
by the magnets that make up the stator is fixed. To change the rotation speed, the
voltage must be changed;

Commutated reluctance _motor: it consists of a stator with salient poles,

individually linked with excitation windings and a rotor with teeth, in different

numbers from that of the stator poles.

The couple is produced by the tendency of the rotor

teeth to align with the

stator poles, whose windings are cyclically powered

by the electronic converter.

The switched power supply circuit, compared to the

synchronous reluctance machine converter, is

somewhat simpler, as it is based on one-way

switches.

The switching points must be precisely established,
Figure 2.13 - Reluctance Motor ~ @nd the waveforms of the currents and the shape of

the pole pieces must be designed

suitably, to minimize the torque ripple and the noise, which intrinsically can be

generated as a consequence of the power supply discontinuities of the single

poles;

Induction motors (IM): is an alternating current electric motor in which the angular
velocity of the rotor shaft is lower than the rotation speed of the magnetic field
generated by the windings of the stator.
This engine has a fixed part
said stator and a movable part called
rotor. The stator has some
internal grooves that house the
conductors of the stator winding which
can be three-phase or two-phase.
The rotor is in turn located inside the
stator and has external grooves (rotor
Figure 2. 14 - Induction motor slots) to accommodate the rotor
winding. In the asynchronous motor,
between stator and rotor there is a small space called air gap, to allow free rotation
of the rotor.

12



This thin air thickness measures a few tenths of a millimeter and the stator
windings are generally made of resin globes, for protective purposes.

The stator generally contains an even number of windings as there are two for
each power supply phase.

The stator winding is powered with an alternating current. With the arrangement
of the polar pairs, out of phase with each other, the current generates an overall
magnetic field that rotates in space with the same frequency as the supply current
and which is called the stator field.

The rotor winding is immersed in this rotating magnetic field. The rotor turns
slower than the stator field, so the magnetic flux subtended by the rotor winding
changes; thus, the rotating magnetic field has currents in the rotor by magnetic
induction.

These induced currents, in turn, generate a rotor magnetic field, which opposes
flux variations. According to Lenz's law, the magnetic field induced in the rotor
always has the opposite direction with respect to the static one;

Nowadays, we can distinguish to different type of motor: Synchronous motors and
Asynchronous (Induction) motor (IM).

- Synchronous machines (wm = ?): rotor speed rigidly related to the AC

frequency imposed by the inverter;

. 2 v
- Asynchronous machines (wm < %f): the rotor speed “slips” with respect to

the AC frequency imposed by the stator.

Both the asynchronous and synchronous machine operate on alternating current and
they consist of a fixed part with a cylindrical cavity called the stator and a coaxial
moving part called rotor arranged inside the cavity mentioned before. In the stator of
both types of motors there are electric wires according to three-phase stator
windings.

The arrangement of these winding is made in such a way as to take advantage of the
alternating current in order to create a rotating magnetic field.

A permanent magnet constitutes the rotor of a synchronous motor, while in the other
motor type there are windings which are closed on themselves.

13



The stator currents, in both engines, generate a rotating magnetic field which,
interacting with the rotor magnetic field, generate some forces that causes the rotor
to rotate.

The frequency of the power supply is linked to the constant rotation speed of a
synchronous motor, which is independent of the load (or resistant torque).

On the contrary, asynchronous motors are characterized by a rotation speed
dependent of the load applied on the rotation axis. Indeed, the rotation velocity of
the rotor is lower respect than that of the rotating field and therefore such rotation
is not synchronism.

An alternating current generates a rotating magnetic field, due to the fact that all AC
motors generally work without brushes, i.e. they do not need sliding contacts to
operate.

However, in the case of a wound rotor asynchronous motor (the cage asynchronous
motor is therefore excluded), the presence of brushes can be envisaged, the purpose
of which is to add external resistances to the rotor winding. This is done to increase
the engine torque at starting, that is, at the start of the engine. In this case, of course,
the brushes are moved away from the rotating shaft immediately after the engine is
running.

This allows a reduction in friction and improves the efficiency of the asynchronous
motor. The use of brushes is also necessary if you want to have speed adjustments
without using mechanical reducers.

In the case of synchronous motors with wound rotor (i.e. not with permanent
magnets) there are two cases:

a) synchronous motor with brushes, necessary to bring the exciting direct current
from the outside to the rotor windings;

b) brushless synchronous motor which through an external exciter and rectifiers is
able to induce direct current in the rotor windings of the synchronous motor.

Contrary to alternating current motors, brushes are instead necessary (and not an
optional as just mentioned above) on collector motors, that is, in direct current
motors.

We now list some pros and cons of the two types of engines.

Synchronous motor:

- Pros: high power / weight ratio, reliability, low rotor inertia (allows high
accelerations), heat only on the stator (as the rotor is typically permanent magnet)

- Cons: relatively high cost, at high temperatures (in the case of the permanent
magnet motor) the magnet can demagnetize.
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Asynchronous motor:

- Pros: low cost, no problem at high temperatures.
- Cons: relatively high cost, at high temperatures (in the case of the permanent
magnet motor) the magnet can demagnetize.

2.5 Permanent Magnet Synchronous motor (PMSM)

In this paragraph we want to explain all the constructive and operational aspects of
the engine under study, in particular it will be presented the mathematic model, the
electrical and magnetic model and finally we will continue with the control
techniques.

| Baarng suppor mxwery

Figure 2.15 - Permanent Magnet Synchronous motor

The PMSM (permanent magnet synchronous motor) is a mix between an induction
motor, due to the stator winding structure that produces a sinusoidal flux density in
the transfer of the machine, and a CC motor brushless, because it is equipped with a
permanent magnet rotor and stator windings.

The power density is higher than induction motors with the same ratings, since there
is no stator power supply dedicated to produce the magnetic field.

15



Both the stator and the rotor are separated by an air gab and they have a cylindrical
crown shape of laminated ferromagnetic material.

In the rotor surface we can find the permanent magnets, which generally have a
differential magnetic permeability almost equal to that of air.

Rotor structures can be obtained isotropic or anisotropic from the magnetic point of
view, depending on their arrangement and the shape of the rotor:

SPM IPM IPM
7N \Y/ N/,
a e _
(\__j e >/\<

Surface mounted Spoke-type Interior  V-Type (or single- PM-assisted  Synch. reluctance
PM (SPM) motor PM (IPM) motor layer) IPM motor SyR motor (SyR) motor

Figure 2.16 - PMISM rotor structure

The stator winding is a the three-phase type. The three phases are mutually out of
. 2 . . .
phase in the space of 37 and each one is connected to a pair of terminals through

which it is possible to supply them with a power supply from an external three-phase
source.

PMSMs motors are characterized by a higher torque / inertia ratio and a better
dynamic response due to the presence of the permanent magnet instead of a winding
in the rotor which increases the flux density in the air gap. They are also more efficient
and easier to cool as losses related to rotor current are eliminated. Furthermore, their
power-to-weight ratio is higher than induction motors and the control strategy is
easier to implement as no slip speed calculation is required.

However, the disadvantages of these motors are the variation of their properties over
time and temperatures, and in order to function correctly they need high resolution
position sensors, power inverters and a microprocessor to manage all the necessary
components.

Another limitation is the excessive cost for high-power applications, which is the
reason why their use is usually limited to a few kilowatts. All the features previously
highlighted make these motors suitable for many applications, such as robotics and
aerospace actuators, electric vehicles, etc., but also to different fields such as
papermaking, packaging, textiles, ceramics, glass and woodworking.

Finally, the main characteristics of PMSMs can be summarized as follows:

e high flux density at the air gap;
e high power / weight ratio;
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e large torque / inertia ratio, which guarantees high accelerations;

e small torque fluctuations even at very low speeds, which allows to obtain
considerable accuracy in positioning;

e wide range of speed variation;

e possibility of operation at high torques, which allows to obtain rapid
accelerations and decelerations;

e high efficiency and high-power factor;

e compact structure.

2.5.1 Clarke & Park transform:

b

Figure 2.17 - Clarke & Park transform

Clarke and Park transforms are commonly used for field-oriented control of three-
phase AC machines.

- Clarke:

90 180

(8%

Figure 2.18 - Clarke transform
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The Clarke transform converts the time domain components of a three-phase system
(in frame abc) into two components in an orthogonal stationary frame (af).

( _ 2 1 1
X, = Re(x) = §<xa — 5% —Exc)
_ _ . 2(\3 V3
x=§(xa+axb+a X.) = 3 xﬂ:Re(x)zg — Xy — —X,

> > (2.1)

L xozg(xa-l'xb-l'xc)

In a compact form, we can write the Clarke transformation (a, b, ¢) = (a, 8, 0) as:

_1 1 1 —
X X 2 2
a a
2
[Xﬁ =[T]-[xb] < [M=30 V3 V3 (2.2)
X, X 2 2
1 1 1
L2 2 2 -
and its inverse (a, 8,0) = (a, b, ¢):
1 0 1
Xa Xa 2 _1 ﬁ 1
Xp| = [T]7"- | X o [Mt=3 2 2 (2.3)
xc xO 1 \/§ 1
22
- Park:
W
d 90 180

Figure 2.19 - Park transform
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The Park transform converts the two components of the af frame into an orthogonal
rotating reference frame (dq):

[iﬁ ; [iﬂ - );Zi - ;CZ +§ : ,tf (2.4)

Xqq is rotated by the angle 3 respect to

xaﬂ:

Xaq = € 0x4p Xqp = €%x4, (2.5)

Figure 2.20 - dq reference

Remembering that e/® = cos@ + jsin , the rotation transformation can be written
in matrix form:

R =150 o] el = e [ 26

—sind cosY

and its inverse:

[ ] [cosﬁ —sim9] ) [fc;l] = [A(-9)] - [TCZ] 2.7

sind cosd9

The choice of the angle 3 influences the definition of the reference system of the
transform.
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2.5.2 Voltage equations:

The machine model can be written in phase coordinates a b C
(abc) using the following variables: i, i i °
c
® v, Uy, Vos — Stator phase voltage defined in the R.s- R.s- R.s-
stator (abc) frame;

.. . . dA dA dA
® g lps ics — stator phase current defined in the 2 . d—rb 4 =<

dt « %
stator (abc) frame; at (C) CC) <
o Ausr Aps» Acs — stator phase flux linkages with the

stator windings, defined in the stator (abc) frame;

Figure 2.21 - Machine model
The voltage in each phase is given by two contributions:
voltage drop on the stator resistance (Joule Losses) and flux linkage variation (induced
electro-motive force):

( _ dA,
va=R5-1a+dt
. dly
<vb=Rs'lb+E
. dA.
ka:RS'lC_I_dt

where:

- R is the stator phase resistance;
- The subscript “s” is omitted for stator voltage, current and flux for simplicity.

This model can be written in a matrix form:

va
vC

The EMF are equivalent to three voltage generators, imposing a voltage equal to the
flux linkage derivative (speed dependent).

Aq
—I|A 2.8
+ at b] (2.8)

Ac

iq
Ip
ic
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Then, we can apply the direct Clarke transformation matrix [ T | neglecting the
homopolar component (not involved in electromechanical energy conversions):

Ua ia d /1a Ua ia d Aa
Up| = Rs ' ib + E /1b g [T] Vp| = RS ) [T] ' ib + E [T] Ab (29)
vC i(; A’C vC ic /1C
The voltage equations in a3 reference frame is therefore obtained:
Vq lq d [Ag . d
[UB] = RS ' [lﬁ] + E[Aﬁ] Ad va[i’ = Rs ' laﬁ + E/laﬁ (210)

we can now rotate this equation to dqreference frame (Park transformation):

. : . 9, d :
Vap = Rg " lgp + E/laﬂ > g€l =R5ig, el + %(Adq - eJ9)

then, separately compute the rotation of flux derivative:

d . d . .do ,
E(Adqefe) = Eldqew +]E/1dqe]9

finally, we obtain:

) d ] vd=RSid+dd—/1:—a)-/1q
Vag = Rslgq + —Aag + jwAgg - i (2.11)
dt . q

in a compact form, we can write:
Val _ iq] . d[Aa 0 —11[4a
[vq] = ks [iq] T Aq] T [1 0 ] [Aq] (212)

The voltage equations are valid for all synchronous machine types (SPM, IPM, SyR and
PM-SyR).
The voltage vector in dq reference frame consists of three terms:

. d ,
Vaq = Rslgq + %ldq + jwAgq (2.13)
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where the three terms of the equation are related respectively to the voltage drop on
stator resistance (Joule losses), dq flux variation (load variation) and motional term
(speed dependent).

2.5.3 Magnetic Model:

The magnetic model of a synchronous machine is essentially related to the rotor.
Initially, we will consider ideal iron with infinite magnetic permeance and neglect the
magnetic saturation:

- The only reluctance in given by the airgap and the PM (upy, = p1,);
- The current-to-flux relationship can be written in terms of (constant)
inductances.

The magnetic model in phase coordinates can be written as:

Ao = Aq(ia)ip,ic, 0, Am)

Ap = Ap(iq, iy, ic, 0, Am)

Ae = Ac(iq) i, ic, 0, A)
where:

- A, is the PM flux linkage (varies with temperature);
- The phase flux linkages depend on all stator current (MMF vector) and on the

rotor position O (PM direction respect to each phase + anisotropy).

The magnetic model of a synchronous machine can be written in phase coordinates

as.
cos(0)
Aa ia Maa Mab Mac ’Ea COS(Q—Z—T[)
Ap| = Lis |ip|+ [Mba Mpp Mpc|-|ip| + A, 3 (2.14)
A i M M M i 2
c c ca cb cc c oS <9+?7T)
where:

- L, is the leakage phase inductance;
- M;j, i=a,b,c, j=a,b,c arethe magnetizing self and mutual inductances.

lq
- Lig- [ib] are the Leakage flux linkages;
L
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Maa Mab Mac ia
- |Mpg Mpp Mp|-|ip|arethe Magnetizing flux linkages;
Mca Mcb Mcc ic

cos (8)
9 2T
- A, |08 ( - ?) are the magnets flux contributions
2T
cos (9 + ?)

Due to the rotor anisotropy, the magnetizing inductances are not constant, they

depend on the rotor position.
The self-magnetizing inductances are depending on 2a, where o is the angular rotor

coordinate.
At first, we can assume the inductance variation along the airgap to be sinusoidal:

L(a) = Mg,y + M, - cos(2a) (2.15)

[y |
o F

0 1 2 3 I
o (rad)

Figure 2.22 - Induction variance
where:

Mg+ Mq

Myyg = is the average inductance;

Myg—M
- My = dz 1 is the differential inductance due t the rotor anisotropy (M, <
0).
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The three-phase self-inductance are obtained by considering the angle displacement
of the abc axes respect to a.:

e Phasea:a = —60

° Phaseb:az%ﬂ—e
) Phasec:az%—e

then, we obtain:
Myq = Mgyg + My - cos(26)

21
Mbb = Mavg + MA * COS (29 + ?)

2T
M. = Mgyg + My - cos (29 — —)
3
similarly, the mutual inductances also depend on 26:

1 2T
Mab = Mba = —EMavg + MA * COS (29 _?)

1 21
My, =M, = _EMa”g + M, - cos (29 +?)

1
MbC = Mcb = _EMavg + MA . COS(ZQ)

therefore, each term of the magnetizing inductance matrix depends on 26:

Maa Mab Mac
Mpa Mp, Myc| = [M(26)] (2.16)
Mca Mcb Mcc

The magnetizing inductance matrix in 3-phase coordinates is composed by two terms
(commode mode + differential mode):

1 1 21 21\
1 - 5 73 cos(26) cos (26 — ?> cos (20 + ?>
1 1 21 21
(M@20)) =|~5 1 =3| Mavg +|cos (29 - ?) cos (ze + ?) 0s(20)  |-My 217)
.1y 20 + 21 (26) 20— T
> >  cos ( 3 ) oS cos ( 3 )
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The complete magnetic model (inductance matrix + PM flux) in phase coordinate is:

1 2m 1 2
Lis + Mgyg + My - cos(26) _EMa"g + M, - cos (29 - ?) _EM””’g + M, - cos (29 + ?)
a 1 21 21 1
Ayl = _EMa”g + M, - cos (29 - ?) Lig + Mgy + M, - cos (29 + ?) _EM‘WQ + M, - cos(20)
Ae 1 21 1 21
_EMa”g + M, - cos (29 + ?) _EMa”g + M, - cos(28) Lig + Mgy + My - cos (29 - ?)
cos(0)
ig 0 21
o] + A cos(6-7) (2.18)
I

(c+3)
Cos 3

The magnetic model can be conveniently transformed in («, 5, 0) frame by applying
the Clark transformation matrix:

Ao
[Ab] = Ly -
Ac

multiplying both side by [T ] :

cos(0)

(0-)
CosS 3

(o+3)
_COS 3 )

iq
Ip

le

lq

ip |+ [M26)] [ip| + A - (2.19)

le

cos ()

(0-)
CosS 3

(0+3)
_COS 3 )

iq
Ip

le

Aa
[T] [Ab] = Lis[TT|ip | + [TIIM(260)] |ip| + Am[T]
Ac

iq
Ip
i

we obtain that:
cos (0)

A Iy Iy 21T

M = Ly |ig| + [TIIM@OIITI |ig | + An[T]|®° (9‘?)

Ao Io iy 2
 cos (9 + ?)

the matrix products can be computed separately:

3 3 3
=M,y + 5 M,y - cos(26) EMA - sin(26) 0

2 2
-1 _
[T]M oI = ;MA-sin(ZQ) ;Mavg_%MA'COS(ZH) 0

0 0 0
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cos (8)
2m cos(0)
m|es (0-3)| = [sin(&)]
cos (9 + 2?71) 0

we keep only the (a, ) components:
il =l 3mea)la o3l “coscanl [i]+n [onco)

The magnetic model referred to the rotor (d, g) frame is obtained using the rotation
transformation:

@[] = o1+ 3m0) g S+ 300 500y s ili] i@ [365)]

we can separately compute the matrix products:

3 1 01, 3 cos(20)  sin(260) B
[4(0)] {<LZS + 2 Mavg) [O i EMA [sin(ZQ) — cos(28) } [A(=0)] =
3 3
_ LlS+EMavg+EMA 0
3 3
0 Lls‘l'EMavg_EMA

with:
[cos(@)] [ ]
sin(8) 0
The magnetic model becomes independent of rotor position if referred to the rotor
(d,q) frame:

3
Lig+ = Mavg 2M 0

lg 1
[/1 ] ; ; [iq] + A [0] (2.20)
0 Lis + 5 Mavg =5 Ma

where:
- Lg= L+ %Ma,,g + EMA - magnetizing inductance in d axis (min L);
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- L= L+ %Mavg — %MA —> magnetizing inductance in g axis (max L);

Final magnetic PMSM motor model in (d,q) frame:

wl=lo oLl

(2.21)

The machine is theoretically isotropic, so Ly = Ly, = Lg, where L; is called

synchronous inductance.

2.5.4: PMSM Operation regions

In this last part of the chapter, we will make an
overview of the operating regions of a permanent
magnet synchronous motor (PMSM), in order to
understand how the engine is piloted and
controlled. In particular, an isotropic machine will
be addressed, which is the typology of the motor
used in this thesis.

The control of a permanent magnet synchronous
motor (PMSM) is closely linked to the technical
characteristics of the engine itself (current, speed,
nominal values of voltage) and of the inverter that
is used to drive it.

q d

Figure 2.23 - Operation region of PMSM

All these parameters define what are the limits that must be satisfied at the same
time. Furthermore, even high-speed operation can introduce restrictions as the
counter-electromotive forces that occur in the stator windings are proportional to the
speed, and therefore they can exceed the sustainable values of both the machine and
the power stage. The control strategies of the PMSM therefore adapt to these
restrictions and from time to time adapt their behavior to the particular working

condition.

Initially, we will consider the general case of PMSM, later we will analyze in detail

the case of an isotropic engine (Lg = Ly).

If we return to the dynamic equations of the PMSM model previously explained, we

can obtain the following steady-state equations:

Vg = Rsid - O)quq
{Ud = Rsiq + O)Ldid + (A)Am
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3 . .
T = Ep[Amlq + (Lg — Lg)igig] (2.23)
If we may assume that the winding resistances are very small so as to be able to
neglect the relative voltage drops, then the equations (2.22) & (2.23) become:

{ Vg = —O)quq (224)

Vg = Q)Ldid + (A)Am

3 .
T = Ep[,1miq + (Lg — Lg)igiq] (2.25)

In these last equations, both the voltages and the currents must assume values that
fall within the range of nominal values. These restrictions identify very specific regions
of operation; since all the limits must be satisfied at the same time, the set of
admissible values for the PMSM during steady-state operation is obtained from the

intersection of these regions.
As regards the current limit, it is identified by the maximum modulus (of the space
vector) of the current (nominal value I;) which can be suppressed in steady state:

I = /15 +12 <1y (2.26)

As shown in the figure below, this latter condition identifies in the current plane Id,Iq
a circular region (current limit), of radius equal to I, centered at the origin.
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Figure 2.24 - Circle limit of operation
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Similarly, the voltage space vector module cannot exceed the nominal value, that
depends on the maximum voltage at which the drive can operate due to the limits of

the inverter or motor:
V= /vg +vZ<Vy  (2:27)

Substituting the steady-state equations of vd,vq in the last equation(2.24), we
obtain:

Am 2 Ld ? VI\ZI
I +—) +—=] I2 < 2.28
( ¢ Ld <LQ> 1 wesz%l ( )

The latter equation, depending on the speed of traction ®, describes in the plan of
currents I; I, a family of ellipses having center C, major semi-axis r and eccentricity §
(also called salience factor) respectively of:

C= (—’z—m,o) (2.29)

d

VN

r = (2.30)
(‘)de
Lq

F=— (2.31)
Lg

Voltage drops across phase resistors only affect voltage limits. These limits restrict
the region of operation at high speeds where, however, the inductive part of the
motor impedance prevails.

This consideration allows us to further justify the simplification made previously.

In the case of the isotropic machine the inductances relative to the d axis and the g
axis are equal (Lg = L; = L,§ = 1)and therefore the equation becomes:

{ Vg = —(l)LIq (232)
Vg = wLiz + wi,y,

3 .
T = E;o[Amzq] (2.33)
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The equation it describes a family of ellipses, previously mentioned, therefore

m

. ) . . A . .
represents a family of circles with center in (— T’ O) and radius proportional to the

ratio between the applied voltage and the rotation speed; the center of the
circumferences can be both inside and outside the current limit curve.
The constant torque curves are, in the plane Iy I, lines parallel to the d axis:

T
Ig=5— (2.34)
fp/lm

Since the torque depends only on it is convenient to work with I; = 0 thus
obtaining maximum torque with the same current module. In this way the control
system (field-oriented) operates in the region known as constant available torque,
characterized by the equation:

{vd = _O)qu (235)

Vg = (I)Am

3 .
T = E;o[/lmlq] (2.36)

The two figures shown below, represent the constant available torque working point,
. y) y)
respectively for (Tm > IN) and (Tm < IN):
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Figure 2.25 - Circular diagram for an isotropic PMSM (SPMa, SPMb)
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With the same torque, the speed is proportional to the module of the applied voltage
and reaches the nominal value, called base speed of the drive, corresponding to the
nominal voltage; with an appropriate motor design it is possible to make the nominal
voltage (at nominal speed) and current limit curves intersect on the I axis (point B in
the figure above, corresponding to the basic quantities in the normalized model) thus
ensuring the rated torque up to the rated speed.

To see what the base speed wy, is, just consider the triangle AOB in the following
figure:

¥
ha -
—pf—

-4}

Figure 2.26 - Triangle AOB for calculate w,

we get that:
V2 G
2 m
=I5 + (—) 2.37
wirz N L (2:37)
from which it is derived:
Vy
Wy = —— (2.38)

VIZIE + 22,
We therefore distinguish the following two cases:

* w,, < wy:theradius will be larger than the one that generates the tension limit

circumference and therefore outside the limit. In this condition, the motor
delivers maximum torque which distinguishes the constant torque zone.
This region is therefore characterized by the zero-current I, from [, between
—Iyand Iy, and by the variable voltage proportionally to the speed up to the
value Vy, which is reached by the rated speed w,, y. At zero speed the current
is called the state current, like the torque called the stall torque.
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® w,, > wy: the radius is lower than the limit, so it is no longer possible to work
in the constant torque area and we are forced to reduce the maximum possible
torque, we work in the constant apparent power area.

To increase the motor speed beyond the nominal value, since it is not possible to
increase the voltage (limit value), we operate in “flux-weakening”.

As the speed w,, increases, the amplitude of the limited voltage circumferences
decreases and therefore the optimal working point (maximum torque with respect to
the current used) moves in the I; I, plane, corresponding to [, values that are no
longer null. Consequently, a flux component is generated which opposes to that
produced by the permanent magnet. In this way, similar result is obtained when the
excitation current is decreased.

Two cases have to be considered mainly:

1. The center of the voltage limit circles is outside the current limit:

In this 5|tuat|on(Tm = IN), the point that describes the highest torque / current ratio

(with the same voltage) remains on the current limit circumference and lies on the
intersection with the voltage limit circumference corresponding to the rotation
speed (constant apparent power region). This speed can reach the maximum
theoretical value:

VN /1m VN
—_—t Iy =— = — 2.39
wm’maxL + N L - wm,max Am _ LIN ( )

in correspondence of which the current limit circle is tangent to the voltage limit circle
at a point on the I; axis (and which corresponds to zero available torque and power)
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Figure 2.27 - Work points in flux-weakening (SPMa)
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The trends of the torque, voltage and currents (I, I; and module I) for an isotropic

machine with the center of the voltage limit circles outside the current limit circle are
represented by the following figures:

] 0 I ' I J
0 1 2 3 4 Qg ° 0 1 2 3 4 05

Figure 2.28 — Isotropic PMSM (SPMa), Torque e voltage (left), Current Idg and | modulus (right)

Once the base speed has been reached, the voltage remains constant and equal to
the nominal value while the torque decreases reaching the zero value when the
speed assumes the maximum value; the modulus of the currents I remains constant
as I, decreases (which guarantees the limit) and as I;increases in absolute value (to
deflux the machine).

2. The center of the voltage limit circles is inside the current limit

L A . .
In this situation (Tm < IN), the point that describes the greatest torque / current

ratio (with the same voltage) initially remains on the current limit circumference, as
in the previous case (region with constant apparent power). Once the point
P is reached (on the vertical of the center of the voltage limit circles), it follows the

straight-line having abscissa _Tm (region with decreasing apparent power).

Moreover, in this situation there is no speed limit of rotation with the exception due
to the restrictions imposed by the mechanics of the machine.
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Figure 2.29 - Work points in flux-weakening (SPMb)

The variable I control when switching from one system to another (i.e. from BC to CH)
is the speed. Depending on the speed I decide what value to assign to I;:

" w < wj :lassign the necessary value to I; and place I = 0;
" wp <w < wey: 1; = circumference;

A
" w>wey:ly = —Tm constant value.
lg
la*=0 Q< Qs
L O Ew Pl ki la*=circonferenza Qs < Q< QcH
l¢*=-Amg/L Q> Qcx

Figure 2.30 - Block control scheme
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The control of I;is feedback, while for id it is necessary to calculate the speed. To
calculate w.y proceed as follows:

A\2 Vv \2 V2
12=<—’") +< ”) = [— N 2.40
vEL wegl) T T ) - 22, (2.40)
P W
3 “
¢/ : |
/ In
1 \
‘\\“O_ :
4H -2 2 4
_1 /
-2

Figure 2.31 - Triangle CHO for calculatew .y,

It is important to understand the proper flux-weakening technique. You have to act
on the speed to then have effects on the torque, the cause-effect principle (torque-
speed) also helps in this case: you have to intervene on the effects to modify the
causes.

The trends of the torque, voltage and currents (I4, [; and module I) for an isotropic
machine with the center of the voltage limit circles inside the current limit circle are
represented by the following figures:
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Figure 2.32 — Isotropic PMSM (SPMb), Torque e voltage (left), Current Idg and | modulus (right)

35



Reached the base speed, the voltage remains constant and equal to the nominal value
while the torque decreases keeping asymptotically at zero. The current modulus I
initially remains constant (from point B to P) and then decreases in the region with

. y) .
decreasing apparent power up to the value Tm; the current component I; increases

from B to P (to weaken the machine) and then remains constant while the current
component I, tends asymptotically to zero.

2.6 Controller

Nowadays, electrical motors and other rotating machines have become dependent
on the presence of electrical drives. We can distinguish three different types of work
that electrical drives can perform:

1. Starting;
2. Speed Control;
3. Braking;

Control of electrical drive is an important task because all the functions accomplished
by the drives are principally transient operations. The change in terminal voltage or
in current are huge, which may damage the motor temporarily or permanently.

In general, Electrical drives enable us to control the motor in every aspect.

2.6.1 Closed loop Control of Drives

Closed-loop system is a feedback system, it has the ability to modify and particularly
to stabilize the natural dynamics of a system. We will now analyze the

advantages (and disadvantages) of closed-loop feedback control over any other type
of control architecture. The purpose of any electrical or electronic control system is
to measure, monitor, and control a process. A way we can control the process is by
monitoring its output and “feeding” some of it back, in order to compare the desired
output with the actual output to reduce the risk of error and even if disturbed, to
bring the output of the system back to the original or desired response.

One of the main characteristics of a Closed-loop Control System, or feedback control
system, is that it uses the concept of an open loop system as its forward path but has
one or more feedback loops (hence its name) or paths between its output and its
input. The term “feedback” means that some portion of the output is turned to the
input to form part of the systems excitation and to reduce the error between the
actual and the desired signal.
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Figure 2.33 - Closed loop control

The main difference between an open-loop and a closed-loop system is that the latter
uses a feedback control action in order to reduce any errors within the system.
Output accuracy depends on the feedback path, can be very accurate and within
electronic control systems and circuits, feedback control is more commonly used than
open-loop or feed forward control.

Closed-loop systems have more advantages respect to the open-loop systems. First
of all, a closed-loop feedback control system has the ability to reduce a system’s
sensitivity to external disturbances.

Then the main characteristics of Closed-loop Control are:

e reduce errors by automatically adjusting the systems input.

e improve stability of an unstable system.

e increase or reduce the system sensitivity.

e enhance robustness against external disturbances to the process.
e produce a reliable and repeatable performance.

Although a good closed-loop system has many more advantages than an open-loop
control system, one of its main disadvantages is that the structure, in order to achieve
the control of the system, is even more complex by having one or more feedback
paths. Furthermore, the system can become unstable and start to oscillate, as the
controller tries to over-correct itself, if the gain of the controller is too sensitive to
changes in its input commands or signals. In this way, we must define some pre-
defined limits in order to make the system behave as we want.

From the controller point of view, the process + Feedback are seen as a plant to be
controlled.
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Typically, the study of the system is performed in the Laplace domain, using the
transfer function obtained from the dynamic models:

Controller Plant
Reference

x*(s) O] H(s) Hyiane (5)

x(s)

Regulated
variable

Figure 2.34 - Closed loop control in Laplace domain

The known system part (plant) is represented by the transfer function
Hy1ane(s) thatincludes the power converter, its load and the feedback;

e The H_.(s) is the transfer function of the controller to be designed;
e Unity feedback.

Besides the stability, the objectives of the closed-loop control obtained through a
proper controller design are:

e Zero steady-state error (x*(t) = x(t));

e Good dynamic performance with minimal settling times and overshoots;
e Good rejection of disturbances.

Typically, the performance evaluation of a closed-loop system is obtained with two
types of variations applied to the input reference:

1. Step variation of the reference:

P x(t) = u(®

X‘*

(0 ift<0

u(t)_{X*iftz-O
t...

5 .

Figure 2.35 — Step reference
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The performance of a closed-loop system subjected to step variation of the reference
is given by:

- Rising time: time need for the feedback to reach 95% of the reference after its
step variation

Figure 2.36 — Rising time

- Settling time: time after which the output changes less than 5% with respect

to the input

A x t

/\ _____ (}l _________ 1.05- X"

I *(t) 7 Hwiv*igr”}—:-::iO-gS 'X*
x |
X Xm

! > 1

T T

Figure 2.37 — Settling time

- Percentage overshoot: maximum deviation of the output with respect to the
input

x*(t) I Olc_e_rshoot 40%
"

B |[x®

Figure 2.38 — Percentage overshoot

39



2. Sinusoidal variation of the reference

The principal metric related to a sinusoidal input is called ‘system bandwidth f,, (Hz)’
for which the amplitude of the output reduces at 70.7% with respect to the amplitude
of the input

x*(t) = X" - sin(wp - t)
______________ x(t) = 0.707 - X* - sin(wy, - t —9)

v2
AVAVA\E

Figure 2.39 — Sinusoidal reference

X*

In general, the system bandwidth is a very good metric to understand the system
performance. If low bandwidth is referred to a slow system, a high bandwidth is
referred to a fast system with low rising and settling times.
If the bandwidth is too high, the system may become too sensitive to disturbances
and the output may oscillate due to the noise in the measurement.
The design of a closed-loop system in power conversion requires an accurate analysis
of the system.
Typically, the transfer function of the plant in power conversion, requires systems
relatively simple:

wg _ P1 * P2
s2H2xExwoxs+ wi o (s—py)*(s—py)

Hep(s) =

where:

. . d
* w, = ,/p; * P, is the natural frequency/pulsation (%);
e ¢ isthe damping;
e p;, are complex conjugate poles having negative real values;

The Closed-loop transfer function is therefore:

HoL(s)
HCL(S) = #Oj(s) HOL(S) = Hc(s) ) leant(s)
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2.6.2 Open loop Control of Drives

Initially, electrical control systems were basically manual or what is called an Open-
loop System with very few automatic control or feedback features built in to regulate
the process variable so as to maintain the desired output level or value.

Control

Signal * Controlled
Input === Controller Output
process

Open Loop Control System

Figure 2.40 - Open loop control

A non-feedback system, also referred to as Open-loop system, is a particular
continuous control system where the control action of the input signal does not affect
the output of system. Unlike a closed-loop system, in a non-feedback system

the output is neither measured nor “fed back” for comparison with the input.
Therefore, regardless of the final result, an open-loop system is expected to follow
carefully its input set point or command.

Moreover, this typology of control system has no information of the output condition,
so when the preset value drift, it cannot self-correct any errors it could make, even if
this results in large deviations from the preset value.

Another handicap of this type of systems is that they are not able to handle
disturbances or changes in their condition in a significant way, which may reduce the
reliability of the system to complete the desired task.

Then we can resume the main characteristics of an “Non-feedback system” as follows:

e No comparison between actual and desired values.

e No self-regulation or control action over the output value.

e A fixed operating position for the controller is determined by each input
setting.

e Changes or disturbances in external conditions does not result in a direct
output change (unless the controller setting is altered manually).
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Referring to Figure (2.42), the Transfer Function of an open-loop system is the
product of each single transfer function of the cascaded blocks in series:

HOL(S) = Hc(s) * plant(s)
In an Open-loop system we can distinguish two parameters:

1. Crossover frequency f.(Hz): is the frequency at which the modulus of the open-
loop transfer function is equal to 1 (0 dB)

Bode Diagram

Rl

|Ho(jwe)| = 0dB

Magnitude (dB)

,,
o
{

R SR U S

fC’(’OC

-135 -

Phase (deg)

fcgfb

180k
10 10 10* 10

Figure 2.41 — Crossover frequency

At crossover frequency, the phase delay must be lower than 180 electrical degrees
for a stable closed-loop system.

2. Phase margin (PM) ®p,,: defined at crossover frequency is

Gpy = 2Ho(jw,) — (=180) = |Py,| + 180(deg)

In order to get a good dynamic response without any stability issue, the phase margin
must be higher than 45 electrical degrees, a good hint is to get 60 electrical degrees.

42



2.6.3 Controllers in power electronics and drives

In this chapter, we are going to make a general overview of the characteristic of the
most employed controllers.

In particular, we can distinguish:

1. Proportional controller (P):

H. (s) = kp
Controller

x*(s) —t?—» k, —> Hp!ant(s)

Figure 2.42 — P Controller

x(s)

2. Proportional-integral controller (Pl):
H.(s) =k, +3
C(S) — Rp + 5
where:

k,, = proportional gain, k; = integral gain

Controller
'(s) 4 x(s)

—O—»| kp+ o —> leant(s)

Figure 2.43 — Pl Controller

The PI controller is the most employed solution in e-Drives, where typically we have
plants with one dominant time constant.
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3. Proportional-Integral derivative controller (PID):
ki
H.(s) =k, +?+kd*s
Where:

k, = proportional gain, k; = integral gain, k4 = derivative gain

Controller
a(s) P x(s)

x*(S) _—:O_> kp + ?L + kaS —> leant(S)

Typically, the PID controller can be used for a plant with two dominant time constants.
The PID controller must be used with caution: the noise in the current acquisition and
position sensing is amplified by the derivative part. For this reason, the PID controllers
are seldom used in e-Drives.

Figure 2.44 — PID Controller

4. Hysteresis controller

This controller has a discontinuous action as the output has only two values:
maximum or minimum

The hysteresis controller obtains a very good dynamic response, that is better
compared to conventional controllers. The current regulation with hysteresis
controller can be implemented also for single-phase or three-phase inverters.

= D: Hysteresis
3 | ON
E 4
€
Q
o
OFF
| I
| I
| |
i ! »
100°C  100.8°C Temperature

Figure 2.45 — Hysteresis Controller
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5. Lead-lag controller (Not very used in e-Drives):

S+ w,
H.(s) =k, *
e(s) = kp s+ wy
6. Proportional-resonant (P-RES):
ki * S
H.(s) =k, + T 1wl w2

2.6.4 FOC controller

Vector control, also known as Field Oriented Control (FOC), is a control technique for
an AC induction motor (ACIM) and a Permanent Magnet Synchronous Motor (PMSM).
The FOC offers good control over the entire torque and speed range.

A transformation of stator currents from the stationary reference frame to the rotor
flux reference frame (also known as dq) is required for the implementation of a FOC
architecture.

Two of the most used control modes of FOC are Speed control and Torque control
while the position control is seldom used:

e The torque control: this mode is used for most of the traction applications in
which the motor control system follows a reference torque value.

e The speed control: in this mode the motor controller follows a reference speed
value and generates a torque reference for the torque control that forms an
inner subsystem.

The implementation of the FOC control can be done in two different ways:
1. With Sensor: It measures current and position by using sensors;

2. Sensorless: uses the estimated feedback values instead of the actual sensor
based.
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Figure 2.46 — FOC Control
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2.7 Inverters

In this chapter we will explain what an inverter is and how it works, which parts it is
made of, but above all what are the main types of inverters most used in common
situations.

Inverters are widely used in the renewable energy sector and in a large number of
devices such as accumulators to automotive electric motors and air conditioners.

An inverter is an electronic device that has the function of transforming a direct
current (DC) into an alternating current (AC) at certain voltage and frequency.

Its use is essential for powering electrical devices operating in alternating current via
direct current.

Inverter are used in stand-alone photovoltaic systems to power electronic devices in
isolated house, mountain huts, campers, boats and they are also used in grid
connected photovoltaics in order to enter the current produced by the system directly
into the electricity distribution network.

Inverters are also used in many other applications, ranging from uninterruptible
power supplies to electric motor speed controllers.

2.7.1 Single-phase half-bridge inverter

This type of inverter is composed by one bidirectional switching cell with symmetrical
DC voltage supply £V, with respect to a physical central point O:
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Figure 2.47 — Single-phase half-bridge inverter

The AC load is connected between the cell output A and the central supply point 0.
Independently of the sign of the load current and considering an ideal bidirectional
switching cell, the output voltage depends only on the voltage supply and the
switching function:

{q =1 - vy =+0.5V,

Vdc
g=0 > vy =05V, ~ Uo®=[2ra®-1]-57

If the switching function is generated by a PWM block using an unipolar carrier of
frequency f; = 1/TS:

D.SVdC +

O == .

Y Ts | T, : g vy
A oAT ; o
: V(1) ; N ; *‘-_| |—0’“
‘?ﬁ“ . : - E/\: é vc(t) <> L AC Load
o/ N |05V |
“w i | Vi (8)—

Figure 2.48 — Single-phase half-bridge inverter with PWM switching function

we have that:

q(®) =1 if v(t) > v (t) 1
g(t) = 0 if v(t) < vepe(t) d(t) = 7. ve(t)
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The output mobile mean voltage is:

B =1 Jy vo(®dt = 22 [F[2-q() = 1dt — 7, = L [2-d(0) 1]

then, substituting d(t) in the last equation:

v.(t
T, =V [# - 0.5]

tr

The inverter must generate a sinusoidal mobile mean value (moving average). So, if
the desired output mobile mean value is:
o v (t v
vy =V*-sin(wt) = Vg, - [ CA( ) - 0.5] - v.(t) = —=—"V, -sin(wt) + 0.5
VtT VdC

The command v, must be sinusoidal:

e The offset of 0.5 results from the unipolar PWM modulator
o w = 2nfy, fo(Hz) is the desired output frequency

The half-bridge inverter is a 2-level inverter:

i 00> v > q=1 > v =+
i 00 < v > q=0 > vy(0) = -

The computation of the command from the desired voltage:

1 _
50O 7 . | A = ve(®)

—» — + Q(r)
Vdc + 7
of ~

o 0 1[ \/ 5,_17tr(f)

Figure 2.49 — PWM Command block
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e Theterm -2
dc

be in the range [0 Vtr]

2

+ 0.5 must be saturated between 0 and 1 since the command must

v = Vonorm IS the normalized desired voltage with respect to V..

The analysis of the inverter can be performed also with a PWM block that uses a
carrier v.,-(t) having unity peak value, then the command v.(t) becomes the cell
duty-cycle:

d(t) =v.(t) » vy(t) € [—— + > ]
we can than define, respectively, the amplitude and frequency modulation index:

“T 05V, T~ f

Generally, inverters operate in function of the amplitude modulation index

1. Sinusoidal linear modulation (ma <1&V*< %):

The fundamental v,; voltage is the mobile mean value if the frequency
modulation index is high enough (mf > 20):

T, (t) = v,1(t) = V* - sin(2rf,t)

The voltage harmonics are grouped in sidebands around switching frequency and
multiples; the load inductance is able to filter the load current that is almost
sinusoidal (excepting the switching ripple).

This type of modulation is linear because the peak of the fundamental is equal to
the peak of the reference voltage (ideal inverter).

The figure that follows, shows an example of a sinusoidal linear modulation:
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Figure 2.50 — Sinusoidal linear modulation

2. Overmodulation (ma >1&V*> %)

It is used to provide an output voltage with a fundamental component higher than
0.353 - V.. Then, the duty-cycle is saturated between 0 and 1 (it starts becoming
a trapezoidal waveform).

During the saturation of duty-cycle, the cell does not switch, in this way the

. . 14 14
instantaneous output voltage is clamped at — % orat + %

The figure that follows, shows an example of an overmodulation:

20 22 24 26 28 30 32 34 36 38 40

g
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. . v,
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a No switching AWN'S dc
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f_—-n -200 1 1 L — — X —
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o
N
¥
| |
| = |
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Time (ms)

Figure 2.51 — Overmodulation
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The fundamental v, ; voltage for overmodulation has lost his linearity due to
overmodulation:

V,, <m -E(V)
0,1 a 2\/5

3. Square wave operation (m, > 1):

The duty-cycle becomes a square wave, in this way the output voltage is
. 4 . .
consequently a square wave of amplitude % with only two commutations over

. .1
the electrical period X

o

The fundamental v, ; voltage reaches its maximum value:

% t Yae _gasy W)
o1, Mmax = —- = 0.45V,,
T 22
The figure that follows, shows an example of a square wave modulation:
1 T T " T T T T1
0.8 —»j,,.
~06 i
3
=04
0.2
20 22 24 4Vd§6 28 30 32 34 36 38 40

200

Voltage and Current
(=]

Figure 2.52 — Square wave operation
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2.7.2 Single-phase full-bridge inverter

A full bridge is obtained with a single phase PWM inverter with two bidirectional
switching cells and a single DC voltage supply, with the load that is connected
between the outputs A and B of the two switching cells:

%(t)| E \ QB(t)| E \

Figure 2.53 — Single-phase full-bridge inverter

The PWM modulator uses a single command v, and unipolar carrier v, having the
amplitude equal to unity.
In general, we can distinguish three types of PWM modulation techniques.

1. Bipolar PWM modulation techniques

{if V(8) >v(t) = qa=1 - vo(t) = +Vg

if vc(t) < vtr(t) - qps=0 - vO(t) = Vg
then:

vo(t) = [2-qa(t) = 1] - Vgc

1 Ts ! T |
I R Fom=====r 5
VNN
wol o5
0 | o
a®| o '
0 t

Figure 2.54 — Bipolar PWM
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The mobile mean value of the output voltage is:

T.
Vdc s

Ts
Vo = Tls-];) Uo(t)dt = Ts . [2 ) QA(t) - 1]dt - 17o(t) =Vac - [2 ) vc(t) - 1]

Inverting the last formula, we obtain that the PWM command v,.(t) becomes the
duty-cycle of cell A:

Uo (1)
2 ) VdC

v.(t) = +0.5 - v (t) =du(t) =1—-dg(t)

2. Unipolar PWM modulation

This type of modulation has an independent switching operation between the cell A
and B:

%
=1 - V= +%
, k=AB
Vdc
QG =0 = Vo= T
Obtaining that:
vo(t) = [qa(t) — qp(O)] - Vg
The mobile mean value of the output voltage is:
_ 1 (% Va Is _
b= | wol0de = [ Tlaa® - as@lde > 7,0
Ts )y s J,

= Vac " [2-vea() — 1]

Inverting the last formula, we obtain that the PWM command v,(t) becomes:

Uo (1) 7, (t)
0.5, t) =—
2 . Vdc + vCB( ) 2 . Vdc

ch(t) - + 05 - 1 - vCA(t)

3. Phase shift (PS):

It represents a particular square wave operation that allows the regulation of the
fundamental voltage. The duty-cycle for the two cells are d4y = dg = 0.5 and the
switching function g 4(t) and gz (t) are phase-shifted by ®p:
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Figure 2.55 — Phase shift

2.7.3 Three-phase inverter

The three-phase inverter differs from the single-phase one because the phase
switching functions are generated by a PWM block having three reference voltages
and using a single carrier.

0.5V,
C

<_

0.5V,

Vea (t)
Ve (t)
V(L)

olf A Ve (t) 1

Figure 2.56 — Three-phase inverter

Sinusoidal PWM, generation of symmetrical three-phase voltages using a symmetrical
three-phase system of commands:

~

*

%4
vea(t) =dy(t) = v sin(wt) + 0.5
d _ e
e C. o Uy = V* - sin(wt)
ch(t) = dB(t) = V_ * Sin <(1)t — ?> + 0.5 oy = 7* - sin <(1)t _ 2_7T>

dc N 3

/AN 21 2T

Vec(t) =de(t) =5 sin(wt +— )+ 0.5 G = V* - sinl wt + —
Vie 3 co 3

|4
Tro == [2+ve(t) =1k = 4,B,C
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The inverter imposes a symmetrical three-phase voltage system with respect to the
DC link midpoint.

The link between the inverter voltages and the phase load voltage is the common
mode voltage v, (t):

va(t) = Vo (t) — Vno (t)
v, (t) = vpo(t) — vpo(t)
vc(t) = Vco (t) — Vno(t)

Where in general, for a n-phase system, the common voltage is:

1
Vno(t) = 3 (Vao + Vgo + Vo + )

but 77,,,(t) = 0 so we obtain that:

Vg (t) = Uyo(t)
U, (t) = Upo(t)
U (t) = Vo (t)

The inverter operation in function of the amplitude modulation index is the same as
for the single-phase half-bridge inverter (Sinusoidal linear,

modulation,
Overmodulation and square wave operation).
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2.8 Turbocharger

Turbochargers are typically implemented in engines as a technological step towards
engine downsizing.

In a conventional turbocharger, the turbine is driven by the exhaust gases from the
engine cylinder, and the air is loaded into
the cylinder inlet when the impeller
connected to the turbine is rotated.

One factor of vehicle performance
degradation is turbo lag caused by low
engine revolutions per minute. A low
engine speed results in a low exhaust gas
speed and a correspondingly low rotational
speed of the turbine, which reduces the
supercharging capacity of the impeller.

To reduce this turbo lag, and thus improve
vehicle performance and drivability, the
answer is a turbocharger system assisted by a very high-speed electric motor.
Among the very high-speed compact motors, permanent magnet synchronous
motors (PMSM) are considered the best. Their high-power density leads to a high
response speed. Furthermore, the non-electric excitation in the rotors produces
excellent efficiency.

If the speed response increases, the impeller reaches the rated speed much sooner
and this leads to an improvement in performance for the removal of turbo lag.
Consequently, meeting the required specifications and speed response
characteristics are significant problems in the design of very high-speed machines.

Figure 2.57 - Turbocharger
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3. IMPLEMENTATIVE TOOLS

In this chapter an overview will be made of all the implementation tools that have
been used during my thesis path in the company and that were useful to achieve my

final goal.

3.1 Matlab

MATLAB (also known as Matrix Laboratory) is an environment for numerical

Figure 3.1 - Matlab

computation and statistical analysis written in C,
which also includes the programming language of
the same name created by MathWorks.

MATLAB allows you to manipulate matrices,
visualize functions and data, implement
algorithms, create user interfaces, and interface
with other programs.

MATLAB was created in the late 1970s by Cleve
Moler, president of the computer science
department of the University of New Mexico.

The main MATLAB interface consists of several
windows that you can tile, move, minimize, resize,
and so on.

The main and most widely used windows are the following four:

e Command window: is a window of the main MATLAB interface, in which it is
possible to type supported commands and view the results on the screen in

real time;

e Workspace: is the workspace (or memory space) containing the declared

variables;

e Current directory: it allows to explore the contents of the folders on your

memory medium;

e Command history: all recently typed commands are listed, divided by time and

date.
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3.2 Simulink

Simulink is a software for modeling, simulation and analysis of dynamic systems,
developed by the US company MathWorks and it is tightly integrated with MATLAB.
It is a block diagram environment used to design systems with multidomain models,
perform simulations before moving on to hardware and proceed with distribution
without writing code.

Simulink is used for Model-Based design, for simulation, for Model-Based System
Engineering, for agile software development.

The advantages of Simulink are that it requires neither the formulation of differential
equations, nor the knowledge of a particular language. It uses a graphical interface
that allows you to build models such as block diagrams. It provides users with a wide
range of predefined functional blocks, so that almost all projects are reduced in
practice to the appropriate interconnection of these blocks.

Simulink contains a library of blocks that describes elementary static and dynamic
elements. The user composes the block diagram of the system to be simulated by
interconnecting the elementary blocks. Simulink automatically generates the
equations and solves the desired numerical simulation problem.

Models built in Simulink can be hierarchical models: each block of the system can
itself be a complex subsystem.

Simulink interacts with MATLAB through the Workspace (Simulink models can
contain Workspace variables)

Similarly, the result of the simulations can be exported to the Workspace and
analyzed with MATLAB.

# sldemo_mdiref_basic - Simulink - ) x

Ready 100

Figure 3.2 — Simulink

FixedStepDiscrete
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3.3 System generator for DSP(XSG)

Xilinx System Generator for DSP (SysGen) is a MATLAB Simulink add-on that allows
the development of FPGA
architectures using block graphics
programming.

Users can validate their designs via
simulation in Simulink and the

25 Simulink Library Browser - D '3

2

&

v
)
L

(D)

@

Xilinx Blockset/Basic Elements

: g [>eg design can be packaged into a

D5 e Tooon j Q mm g Vivado IP and easily imported into a
== =2 [ {4 Vivado project.

«: u iy The logic of the FPGA must be
e s (| P s placed in a subsystem. The
oo E B t: o Gateway In and Gateway Out
;;”” E blocks are used to represent the
i [ o FPGA's input / output ports.

T " LE e _ Between the Gateway blocks there

can only be blocks that come from
the Xilinx Toolbox / HDL library. We
need to add the System Generator
block as a control panel for simulation and code generation.

Figure 3.3 System generator for DSP

3.4 Configuration Desk

Configuration desk is a very intuitive graphical conflguratlon and implementation
software, both for large
hardware-in-the-loop (HIL)
tests and for the management
of RCP (Rapid control
prototyping) applications.
They are based on dSpace real-
time hardware such as
SCALEXIO, the simulator used
in our thesis, which includes
the implementation of
ot s behavioral models and 1/0

function code.

Configuration Desk from a
general structure of external devices, configures real-time hardware and the
connected behavioral model.

Project  Model-Function  Signal Chain ~ Buses  Tasks  Multiple Models  Build

Figure 3.4 - Configuration Desk
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Working with Configuration Desk offers a wide range of benefits when developing
and testing controllers:

It allows you to completely manage the signal path from the external device
to the model interface, giving a clear and clean view of the entire
application;

Separate the behavioral model from the I / O port configuration making the
model flexible and reusable;

Simulate | / O with fixed values allowing you to test even if the real | / O are
not yet available;

Allows the automatic implementation of your application on Real-Time
dSPACE hardware;

An intuitive graphical display guided through the workflow for CPR and HIL
applications;

The use of multiple models allows you to build large modular applications.

With MIPS and Simulink Coder it is possible to generate Simulink Implementation
Container (SIC) files based on Simulink models.

These SIC files include all the codes needed to run the models in different projects
and on different dSPACE platforms (such as VEOS, MicroAutoBox Il and SCALEXIO).
This code will be loaded on a real-time application through the use of
ConfigurationDesk.

3.5

Control Desk

Control Desk is a dSPACE software used for the development of the control units. It
allows you to carry out all the tasks from a single work environment, from the

== beginning of the experiment to
| the end. It is used for Rapid
‘= __. | Control Prototyping (RCP), for
= " Hardware in the loop (HIL)
E simulations, for ECU
measurements, calibration and
diagnostics, allows access to
system buses such as CAN, CAN
FD, LIN and Ethernet and allows

virtual validation with VEOS and
SCALEXIO.

Figure 3.5 - Control Desk

With ControlDesk you can prepare project / experiment data that can be used later
in operator mode.
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Through ControlDesk it is possible to control real-time applications developed in the
Simulink environment and configured / implemented in ConfigurationDesk.

It allows you to create a graphical interface to control and view all the variables of
interest in the model.

4. HARDWARE

In this new chapter we will see in detail all the hardware components that were
invaluable to complete the thesis. In particular, we will introduce what is the control
unit used to close the 'loop' and used to test the model of the PMSM motor and the
inverter.

Finally, the SCALEXIO simulator and the DS2655 board (FPGA) used to carry out the
tests and obtain the desired results will be illustrated.

4.1 Controller

At the beginning, the purpose of the thesis was to test an external control unit that
received the currentsin phase I ;3. from the outside and that provided the duty-cycles
of each phase of the motor at the output, and consequently at the input to the model
to be tested.

Subsequently, in the absence of this control unit, it was decided to deviate towards a
different but still effective solution. In reality, the control unit used to test the model
is a controller model found in the dSpace libraries. In particular, this model is a
microcontroller where the software used to implement the sensorless field-oriented
control (FOC) is loaded, therefore it does not receive the speed/position feedback but
calculates it internally through an algorithm.

The dSpace controller model is divided into a part that runs on the processor and a
part that runs in FPGA:

Processor FPGA

Figure 4.1 — Controller model structure
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The main part of the model that runs on the Processor uses an interrupt generator
from the FPGA, which is activated when the FPGA finishes the calculation:

FPGA_Z (1)untemupt 1 - RCP

H
il
3
Q
EE
| —
—

Figure 4.2 — Processor part of controller

The RCP block is divided into 3 subsystems:

e ACTUATOR,;
e SENSOR;
e CONTROLLER.

ACTUATOR
=l SENSOR
function SENSOR

RCP N
In1 Outl !

CONTROLLER

CONTROLLER out
In1  Outl H

ENVIRONMENT_CONTROL
IN VeclorZBus

Figure 4.3 — RCP Block

In addition to the three blocks mentioned above, there is the addition of the
‘Vectorbus’ block used by the library to manage inputs from the outside, in particular
from the electric motor model.
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The FPGA model, on the other hand, is composed of three subsets:

e ACTUATOR,;

e SENSOR;
e INTERRUPT.
ACTUATOR —r—— D
ouT
ACTUATOR
: IN ! »> SENSOR
IN ,i
SENSOR
> INTERRUPT I
T
INTERRUPT
0
FromController z
BUS_FCN

Figure 4.4 — FPGA part of the controller

This model receives in input the three currents in phase I,;., which arrive from the
motor model:

18, b, ko wining hamiess da [pga
Data In Cut1 *
Analeg I - Che 11 [Med: 1] = o
a
Diata Mew ——=—] -
FPGA_I0_READ_BL1
T
Data = Int Outt = :j
Ansiag In - Che 12 [Mod: 1] input FPGA
o [
Diata M f—we—] o
FRGA_IO_READ_BLZ
Dala + Int Outt =
Anaiog In - Che 13 [Mod: 1] b 2
ie ic
Data Rew f——]
FPGA_I0_READ_BL3

Figure 4.5 — Controller input
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These signals subsequently enter in the SENSOR block where the average current for
each phase is calculated. Then, this value is sent to the processor where the FOC
control logic is implemented.

In addition to the averaged phase currents, the processor has as input the supply
voltage, the mechanical angle, the mechanical speed and the target speed, plus other
inputs used in the model as set point for open loop control in current or voltage, which
they will not be used.

Fa_FrogiHz]
PVM_Frequency_Speed_Depending
o N Wy
== e -BeLinky)
@:- It Dutt 1 factic 4
MUX_fatellA SHars
HatfAl 3 coniroliare 56 deq [~ .
=y * thetafad] MDL_Oisp
<theta_m> i
dog_rd
¥t
. n_Sedr)
| e sanes i}
[
i_d Selfa) OutyCycla_HSO[acbielo_t] D
|_q_sega]
i_g_Selfa]
V_g_salv]
a sel
v_q_selv]
PYiM_FrogiHz]
T_Samples]
DutyCycle_LSO[bick_1]
Mods{1nGarj2)_Gi[3v_Cir]
Reseqalt)

Figure 4.6 — Sensor block

At the output of the CONTROLLER block there are 6 duty cycles to control the inverter
high and low switches used by the ACTUATOR block, present in the FPGA part, to
generate the output PWMs

Diggal Out - Ch: 1 [Mag: 1]
<PVM_HSO_ADf1l> PWI_HSD_AGD{1)

FPGA_IO_WRITE_BL1

Digtal Cut - Ch & [Modt: 1]
<FU_LSD_AOT PYWM_LSD_AIDI1)

FPGA_IO_WRITE_BL4

Digital Out - Ch 2 [Wod: 1]
<PYM_HSO_BIONI> PWM_HSD_B{0(1)

FPGA_I0_WRITE_BLZ

7
Ul FRGA

Diggtal Out - Ch: 5 [og: 1]
<PUM_LSD_BIOIT F_LSD_B[0]1]

FPGA_I0_WRITE_BLS

Digtal Out - C: 3 [Mad: 1)
<FWM_RSD_CIo T PWM_HSD_CIE1]

FPGA_IO_WRITE_BLY

Digital Out - Ch: 6 [Mod: 1]
<O LED_CIo FM_LSD_C[0j1]

FRGA_IO_WRITE_BLE

Figure 4.7 — Controller output
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4.2 SCALEXIO PROCESSING UNIT

The SCALEXIO Processing Unit are based on an industrial PC with an Intel XEON

processor, a real-time operating

‘ system, and an IOCNET plug-on card for

communication with the 1/0O and with
other real-time processors.

A processing Unit can be equipped with
four or eight IOCNET ports.

You can use IOCNET ports to connect

multiple SCALEXIO Processing Units, to

Figure 2.8 - Scalexio set up multiprocessor systems or to

couple a DS100x-based system to a

SCALEXIO Processing Unit via Gigalink. One of the available processor cores is

reserved for system services, the others can be used for computing real-time

models.
Below are the technical data of the SCALEXIO Processing Units:

High Core Performance High Parallel Performance

Processor m Intel XEON® E3-1275v6 m ntel® XEON® Gold 6208U
m Frequency: 3.8 GHz m Frequency: 2.9 GHz
m Number of cores: 4 m Number of cores: 16
m 3 cores for model computation m 15 cores for model computation
m 1 core for services, e.g., host communication m 1 core for services, e.g., host communication
Memory m |1 cache: 32 + 32 kB (data + instructions) m L1 cache: 32 + 32 kB (data + instructions)
m |2 cache: 256 kB m |2 cache: 1 MB
m |3 cache: 8 MB m L3 cache: 22 MB
m 16 GB RAM m 64 GB RAM
Solid State Disk (S5D) m Data recording and replay w Data recording and replay
m Capacity: 450 GB wm Capacity: 480 GB
m Optional m Included

Angular processing unit (APU) m 6 APUs on the D52502 IOCNET Link Board

Angular resolution = 0.011°

Speed range m £ 28610 rpm
Speed resolution = 0.109 rpm
Interfaces OCNET m 4 or 8 [OCNET connectors on the DS2502 IOCNET Link Board (can be optionally used as Gigalink connectors)
PCl Express/PCI"  m 2xPCI m 7 x PCle x16 slot
m 5x PCle (2x x16, 1x x8, 21 x4) m 3 x PCle x8 slot

m 1 x PCle x4 slot
m 1 x PCle x1 slot

Ethernet interface  w Integrated low-latency Gigabit Ethemet /0 interface  m 2 x Integrated low-latency Gigabit Ethernet /O interface

m Additional ports via SCALEXIO Ethemnet Boards m 1 x 10 Gigabit Ethernet I/0 interface
u Additio s via SCALEXIO Ethernet Boards
Serial interface m RS232 interface with standard UART allowing transfer rates up t 6 kBau

Host interface m Gigabit Ethernet m 10 Gigabit Ethernet
Multiprocessor system m Building multiprocessor systems with more SCALEXIO Processing Units andfor processor boards
Cooling m Active cooling
Ambient temperature m (perating temperature 0 °C ... 40 °C (32 °F ... 104 °F)
Operating humidity m 5% ... 95% (non-condensing environment)
Size (width x height x depth) m Rack-mount version: 483 x 132 x 400 mm (19.0x 5.2 x 15.7 in)

m Desktop i 28 %132 x 400 mm (16.9 x 5.2 x 15.7 in)

= 19-inch subrack

m 3 height unit (H)
Mass m Approx. 12 kg
Power supply w100 ... 240V AC, 50/60 Hz, 500 W m 100 ... 240V AC, 50/60 Hz, 1200 W

Figure 4.9 — SCALEXIO Technical data

65



4.3 DS2680-1/0 UNIT

The DS2680 I/O Unit is a MultiCompact 1/O unit for the SCALEXIO system that
provides all the I/O channels required for the hardware-in-the-loop simulation. It
provides 38 1/O functions that are supported by different I/O channels, which are
defined and configured graphically with dSpace Configuration desk

/

Figure 4.10 - DS2680 I/0 Unit

Below are shown the several functions and some technical details:

m Voltage In m Voltage Out m Multi Bit In m Multi Bit Out

m Voltage Signal Capture m Current Sink ® Trigger In u PWMIPFM Out

® Current In ® Wavetable Voltage Out u PWM/PFM In ® Digital Pulse Out

® Triggered Current In ® Wavetable Current Sink m Digital Pulse Capture m Wavetable Digital Out

m Current Signal Capture m Waveform Voltage Out m SENT In m Waveform Digital out
m Waveform Current Sink ® Angular Wavetable Digital Out
m Angular Wavetable Voltage Out ® SENT Out

u |njection/Ignition Voltage In m Resistance Out m Digital Incremental Encoder Out

u |njection/lgnition Current In m Potentiometer Out ® Wheelspeed Out

® (Crank/Cam Voltage Out
® Crank/Cam Current Sink
m Crank/Cam Digital Out
® Knock Signal Out

® | ambda DCR

m Lambda NCCR

Figure 4.11 - DS2680 I/0 function
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Signal measurement

® 0 analog inputs
(Analog In 1)

u 30 digital inputs
(Digital In 1)

® 18 variable inputs
(Flexible In 2)

Signal generation = 15 analog outputs {DC)

(Analog Out 1)

m B analog outputs (DC)
(Analog Out 4)

m 7 analog outputs (AC)
(Analog Out 3)

m 12 resistance simulation channels
(Resistance Qut 1)

m 238 digital outputs
(Digital Out 1)

Special IO channels ~ m 2 analog input and output groups,
e.g., for lambda probe simulation

(Analog In 2, Analog Out 2, Load 1)

Voltage supply u 1 channel to control the power unit

(Power Control 1)

® b power switches without current
measurement (Power Switch 2)

Max. 6 A per channel

Substitute loads pluggable, up to 2'W per measurement channel
Connector for real loads

Channel bundling to increase current carrying capacity
Multifuse for electrical safety

Only voltage measurement
Measurement range 0 ... 60V
m Resolution 16 bit

= Yoltage measurement
m Trigger value 0 ... 24V
m Voltage range 0... 60V
m Voltage measurement digital
= \oltage range 0 ... 60V
m Trigger value 0 ... 24V
m Current measurement analog and digital
= Measurement range +18 A
m Resolution 16 bit (analog)
= Only voltage generation
= Qutput voltage 0... 10V
= Qutput current -5 ... +5 mA
= Resolution 14 bit
m Output voltage 0 ... 10V
m Output current -5 ... 5 mA
= Resolution 14 bit
m Current sink: Current range -30 ... +30 mA
® Only voltage generation
m Output voltage -20 ... +20V
m Resolution 14 bit
m Effective inner resistance 250

m Resistance range 16 Q ... 1 MQ
® Voltage range -3 ... +18 V to GND
m Current range -80 ... +80 mA

m Power max. 250 mW

m Configurable as low-side/high-side switch or push/pull
m Low-side = GND

® High-Side = V4 or Dig-Out-Ref

® High-side voltage range: 5 ... 60 V

m Current range -80 ... +80 mA

m 1ADC

m 1 DAC

® 1 load (component channel)

m Voltage range -10... +10V

m Current range -5 ... +5 mA

m Control of TDK-Lambda Genesys™ power supply

= Upto 6OV
m Continuous current 4 X 6 A per channel (but a maximum total of 50 A for all channels)

Figure 4.12 - DS2680 /0 technical data

4.4 DS2655 - FPGA BASE BOARD

The DS2655 FPGA Base Board has been designed for applications that require very
fast, high resolution signal processing like:

e Electric vehicle applications
e Industrial drive applications

e Electric power industry applications

e Electric drive simulation
e Power electronics simulation

e Power hardware-in-the-loop simulation
e Electric motor control development
e Power electronics control development

Figure 4.13 - DS2655
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Three modules are available to expand the I/O channels of the board and up to five
I/O modules can be connected to the board, thus providing a flexible, customized
channel set.

Here are the technical details:

Parameter
DS2655 7K160 DS2655 7K410

General m User-programmable FPGA
FPGA B Xilinx® Kintex®-7 160T B Xilinx® Kintex®-7 4107
m Logic cells: 162,240 (DSP slices: 600) m Logic cells: 406,720 (DSP slices: 1540)
m Distributed RAM: 2,188 kbit m Distributed RAM: 5,663 kbit
= Block RAM: 11,700 kbit ® Block RAM: 28,620 kbit
Number of connectors for 1/0 modules =5
Device timing m 125 MHz
Internal communication interface m I0CNET
Physical size | 738 x100x 19 mm (9.4 x3.9x 0.7 in)
B Requires 1 slot plus one additional slot for each YO module
Typical power consumption m D52655 7K160: 15W m D52655 7K410: 30 W

Figure 4.14 - DS2655 technical data

4.5 DS2655M1 - MULTII/O MODULE

Three I/O modules are available to expanding the I/O channels of the dSpace FPGA
base boards. They provide a high number of the digital and analog I/O channels
required for application such as electric drives.

In particular, in our project we have used the DS2655M1 Multi I/0 module with five
analogs in and out channels as well as ten digital channels.

Here are the technical details:

General m 5 A/D channels, 5 D/A channels, 10 digital I/0 channels
® 1| x 50-pin Sub-D connector
Analog 1/0 Input | 5 channels

m Resolution 14 bit
® Sampling rate 4 MSPS SAR
= |nput voltage range selectable for each channel: 5V or £30V

Output m 5 channels
m Resolution: 14 bit
m |pdate rate: 7.8 MSPS
m Output voltage range: =10V

Digital 1/0 = 10 channels, usable as input or output

Input m Maximum input voltage: 15V
m Threshold for each channel adjustable from 0V to +10.5V

Output = Pysh-pull drivers
= One output voltage can be selected for all channels: 3.3V or 5V

Physical size m 209 x100x 19 mm (8.2 x3.9x0.7 in)
m Mounted on the FPGA base board, requires one additional slot for each I/0 module
Typical power consumption m06W

Figure 4.15 - DS2655M1 technical data
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5. SOFTWARE MODEL

In this chapter, the methodology and the approach | have used to tackle the project
will be explained. In particular, we will examine in detail 4 different models of
increasing complexity that have been used to achieve the desired results.

5.1 Methodology/approach to the project

The objective of the thesis was to design and parameterize a Hardware-in-the-loop
(HIL) low voltage system (in particular, 48V power supply), consisting of an external
control unit developed on a microcontroller, a model of a PMSM motor and an
inverter model.

The approach was at to first create a simplified model, consisting of a simple speed
control that | implemented on FPGA, in order to test the PMSM motor model
implemented on the processor side (electrical + mechanical model).

Then | moved on to a second and more articulated model where the transforms of
Clare & Park were introduced in the FPGA part in such a way as to be able to test the
latter or mainly to visualize the trend of voltages and currents in each phase.

In the end, the final and complete model of the project was implemented, thus
consisting of the PMSM motor, the inverter and the Clarke & Park transforms.
Unfortunately, as we did not have the opportunity to test this model through the use
of a real control unit, it was therefore decided to include a model of a controller
present in the XSG libraries of the dSpace, in order to be able to view the complete
operation of the project.

5.2 Version description

As it has already been anticipated, each single model consists of a part developed in
FPGA and another one on a Processor:

Processor FPGA

Figure 3.1 - Model layout
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The same interface was provided to both blocks in order to make the model as tidy
and intuitive as possible. It is composed by several blocks:

e Hardware I/0: it is a block that manages all the input and output signals from
the processor, the FPGA or with any external control unit;

e Models: it is a block where there are the models implemented both on the
processor and on the FPGA;

¢ Signal Routing: it is an intermediary block that receives the signals from the
‘Models block’ and sends them in input to the ‘Hardware 1/0O’ and vice versa;

e Parameters: it is a block where the parameters used to implement the models
are present;

e Control & Multi_scope: these bloks are implemented in order to display signals
and control parameters through the Control Desk.

Hardwar .
[0 > a‘foae el Models

Hardware 10 Models

oIg g

Signal Routing

)
MULTI_SCOPE

Figure 5.2 - Model interface

5.2.1 Version 1.1

This first version of the model was developed in such a way as to be able to test the
model of the permanent magnet motor (PMSM), both for the electric model and for
the mechanical model.

Because of the simplicity of this model, we haven’t been able to use a real control
unit and therefore we decided to implement a simple speed control, that will be
herewith explained in details.
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In its global and logical setup, the model logically looks like this:

HIL

FPGA Real Time Processor

Controller model Electric and mechanical model of

l the PMSM motor
:

Figure 5.3 - Version 1.1

On the processor side, the version looks like:

[<Targetspond> | | 2080000
<BusVoliage> e
J<configuration>

Target Speed

Target Speed

Base Speed
<p> i<

Target Speed

PMSM electric model FromModel

PMSM electric model

w_m

Torque PMSM mechanical model
B us

theta

PMSM mechanical mocel

Figure 5.4 — Processor layout of Version 1.1
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On FPGA a simple speed control was implemented in this subsystem in order to test
the PMSM engine model, so that it followed the target speed provided.

P id
<id>
P ig
<ig>
w_m
<w_m> vd
vd
TargetSpeed
<TargetSpeed> e
P Kp_spd
<Kp_spd> -
Ki_spd
<Ki_spd> [
Kp_d
. p_t
P Ki_d
<Ki_d>
K|
<Kp_g> ) -
- Ki_q vg
<Ki_g=
I_max
<|_max>
B consti
<const1>

controller

Figure 5.5 - Controller

In details, the developed controller receives in input the currents iy i,, the
mechanical speed (w;,) and the target speed (W¢qrger)- It also receives proportional
and integral coefficients and characteristic parameters of the system. So as to close
the model loop, it supplies in output the currents vy v, that will enter the electrical
model of the motor.

Register Out 5

T

COM.Kp_spd Data 5
Group ID: - Board. 1

Kp_spd

PROC_XDATA_WRITE_BLS

Register Out 6
CON.Ki_spd Data

'

i5
Group ID: - Board: 1
Ki_spd

PROC_XDATA_WRITE_BL6

Register Dut 7
CONKp_d Data Kp d

l

p
Group ID: - Board: 1
Kp_d

PROC_XDATA_WRITE_BL?

Register Out &

!

CONKI_t¢ Data i
Group ID: - Board: 1

Kid

PROC_XDATA_WRITE_BLS

Register Qut 9
CONKp_g Data

'

Group ID: - Board: 1
Kp_g

PROC_XDATA_WRITE_BLS

Register Out 10
COMNKi_g Data Ki

'

q
Group ID: - Board: 1

Ki g

Figure 5.6 — I/O Controller
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The implemented controller is therefore a speed control composed of three Pls:

k.
H.(s) =k, + ?l

@
s o
[&»
K_sod ————
ol
s = s
P B = o
— w
@
B v s
v
s

Figure 5.7 — Controller Implementation

Proportional-Integral control (Pl) (equal for the 3 Pls present in the sub-system) is
totally implemented using the XSG libraries.

The first Pl on the left receives the error, that is the difference between the target
speed and the motor feedback speed, as an input, and supply as outputs the
reference torque T;..; which then enters the block that calculates the iyq rer -

On the other hand, the other two Pls receive the difference between the calculated
igqrer andthe iy, from the engine model and the v, are obtained at the output.

Figure 5.8 — Pl Implementation

the main block of the controller consists of:

laTem lqRet

~ a
4 \ Zanh
]

Figure 5.9 - igqref Implementation
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where igz,.r = 0 in order to avoid that any iy # 0 can increase the joule losses in
the machine without producing any torque.
Iy rer isinstead calculated according to the following reasoning:

lgref = Trer “lgtmp

where:
if |Tres |- const > Inax = igemp = Imax L comst — 2
if |Tref |- const <Imax = igemp = |Tres |- const 3xprld,

5.2.2 Version 1.2

This second model is to be considered as an upgrade of the model just analyzed. Once
the motor model has been deeply and correctly tested, the goal now is to test the
Clarke & Park transforms, developed in the FPGA part and to visualize the voltage
trend in each phase by means of an oscilloscope.

With the use of a dSpace tool called FPGA Scope, that will be exanimated in detail
later, it will also be possible to have a view of the phase currents and voltages in the
stationary reference abc.

In its global and logical setup, the model logically looks like this:

HIL

FPGA Real Time Processor

Controller model
direct and inverse Clarke & Par Electric and mechanical model of
the PMSM motor

X

OSCILLOSCOPIO

Figure 5.10 — Version 1.2
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5.2.3 Version 1.3

Version 1.3 is a transition to the final version 1.4, consisting of the motor model
developed on the processor, the inverter model and the Clark & Park transforms
developed on the FPGA. In this version the controller running on the FPGA is deleted.
In addition, I/O channels are added. In particular 3 ‘digital in” which allows us to read
the PWM from the controller and 3 ‘analog out’ in order to feed back the three phase
currents in the three-phase reference.

With the addition of a model to manage the CAN communication with the real control
unit (to communicate the desired target speed and other useful information), at the
moment not yet implemented, it will be possible to operate this version with a real
control unit.

In its global and logical setup, the model logically looks like this:

HIL

FOC Controller FPGA Real Time Processor

-PWM demulation (RL inverter); Electric and mechanical model of

-Clarke & Park Transform; the PMSM motor
&
" I 1
- ama

4"y

Figure 5.11 — Version 1.3
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5.2.4 Version 1.4

As we could not use a real control unit, this has been replaced by a controller model
developed using the library dSpace, a model that has been already extensively
analyzed in the previous chapters.

Later, there will be a detailed explanation of the version 1.4, final version of the PMSM
model.

In its global and logical setup, the model logically looks like this:

erecs Contreller FPGA Real Time Processor
-PWM demulation (RL inverter); Electric and mechanical model of
~Clarke & Park Transform; the PMSM motor

e
===

Figure 5.12 — Version 1.4

5.2.4.1 Processor

In the model that runs on the processor there is the calculation of the target speed,
the model of the electric motor divided into electrical and mechanical equations:

T
>
BusVotage
Ll p— ‘Torget Speed Target Speed

¥ imax Targel Speed

e Base Speed

Key> Target Speed

ToModel » i = PMSM electric model FromModel D)

FromModel

5
&

E

PMSM electric model

Torque PMSM mechanical model

£ 133743
GERS T

PMSM mechanical mocel

Figure 5.13 — Processor of Version 1.4
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- ‘Target Speed’:

The Target Speed subsystem receives as input:

e Target Speed: indicates the desired mechanical speed and is entered in
real-time by the user on the Control Desk;

e Key: signal used to activate or deactivate the speed request;

e Configuration: indicates the configuration of the electric motor, if it is a
star or triangle, and it can be modified in real-time. It is used for the
calculation of the base Speed;

e Various parameters of the motor system for the calculation of the base
Speed.

The idea of the 'target speed' block is therefore to ensure that a speed higher than
the basic motor speed will not be permitted as the controller does not consider the
flux-weakening.

>
Target Speed Target Speed
'\ v
(D, |
configuration — >
o e
phif ’_I
w. x
! L »{ 2
Gr—— M= L >C2)
- P BaseSpeed
Imax
(@D’ PlLa
Lg

Base Speed

Figure 5.14 — Target Speed block

The base speed has been calculated on the basis of the parameterization we have
made and in particular it takes into account the configuration of the motor: star or
delta.

O »x
V_max
w_base @
@ >’ La B w_base
phif
D S gl gk
|_max
x » ot >+
—
Lg —

Figure 5.15 — Base Speed block
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This simple block was implemented by following the equation for calculating the base
speed:
VN

VIZIE + 22,

The Target Speed subsystem outputs the desired saturated mechanical base speed
and the calculated base speed.

W =

- ‘PMSM Electric model’:

The PMSM Electric Model subsystem receives as input:
e Mechanical speed of the previous step;
e The tensions in the stationary reference dg coming from the model of the
inverter present in the FPGA;
e PMSM parameters: stator resistance (Ry), inductances in the reference dq (L4
and Lg), pole pairs (P) and magnetic flux of the magnets permanent (4,,).

Concerning the electrical model, | have considered the following equation of the
Permanent magnet synchronous motor:

R
vd=R51d+E—w-Aq
Cda,

17 =Rslq+W+w'/1d

then substituting g = Lgiy + 4, and A; = Lgi, in the last equation and solving as
a function of i; and i, we obtain that:

did _ vd_Rsid + w - Lqiq

dt L,
diq _ vd_Rsiq + w: Ldid —w- /‘lm
at L,
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Finally, by integrating this last equation, we obtain the currents i;, which will then
be sent to the FPGA input and used by the controller.

GO
P
wd
@ ’

Figure 5.16 — Electric model block

- ‘PMSM Mechanical model’:

The PMSM Mechanical Model subsystem receives these inputs:
e the currents in the dq stationary reference from the PMSM Electric Model
subsystem;
e theload torque T;;
e engine and inverter parameters.

Torque

I

@
]
)

p

Figure 5.17 — Mechanic model block
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At first, the motor torque was calculated using the following formula obtained from
the PMSM motor model:

3 . .
T, = Ep[lmlq + (Lg — Lq)ldlq]

The mechanical speed and the electrical angle were then calculated respectively.

dwm
%=T3_TL_wm',8m ’ ee=p'fwmdt=p'0m

The processor also has an interface between the processor and the FPGA for using
the FPGA Scope in the MULTI_SCOPE subsystem.
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Figure 5.18 — MULTI_SCOPE block
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5.4.2.2 FPGA

In the model that runs on the FPGA, the inverter model and the transforms of Clarke
and Park direct and reverse are implemented.

Totlaraal = = [ e er\n@l
i vy -
. Vnitage_ahc_to_on
= bl . Lo ab
Tera - - K
WULT)_SCOPE W
LT
TRLT BEOPT
Figure 5.19 — FPGA of Version 1.4
- Inverter:

The ‘Inverter’ subsystem receives input:
e the 3 PWM from the controller to implement the inverter switches;
e the supply voltage;
e otherinverter related parameters.

<PWMa> alha
i vie
BusVoitage>
S oD
&
1> va
1A -
VA
b
=PWE= @
BusVoltage> ol
<Bus
- > e wl—»(2)
n
<> » b
1A
<VA>
VB
<PWMc> =
<BusVoltage> e
= Ve f——— : )
n
<> ve
» 1A
1A>
Ve

Figure 5.20 — Inverter block
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This subsystem is divided into three identical blocks that calculate in a similar way the
three different voltages in each phase corresponding to the PWM.

The inverter consists of a simple RL circuit where the level of each of the three PWM
is compared to a threshold:

{ if qapc =05 — u(t) =V
if qapc <05 — u(t) =—Vg

The presented RL circuit can be modelled through the following block diagram:

u(t) >—>‘ 1L

> y()

Figure 5.21 — RL circuit block diagram

the output signal is therefore a sinusoid of smaller amplitude and is attenuated by a
magnitude equal to:

VL2w? + R2
LZw? + R2

to reach the desired amplitude, the output signal has been multiplied by a factor
equal to 1/A'

L 1 U e _E_L:IT o3 H—

o,

Figure 5.22 — Vabc block

On the way out we have therefore v ;. that will be then used in the transforms of
Clarke and Park to change reference, from abc to dq, and to enter the model of the
engine.
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- Clarke & Park transform:

The ‘Voltage abc_to _dqg’ subsystem is responsible for transforming the phase
voltages, in the stationary reference abc, in the rotating reference
dq, vg and vy,.

D >
Va \_alpha PV _alpha
v »D
"o a
Vb
V_beta »{V_beta
D
Ve
Clarke
(2 ) > B theta Vq
theta

Park

Figure 5.23 — Clarke & Park transform

This block is divided into two subsystems:

- Clarke: in order to implement the Clarke transform, to switch from a three-phase
system (abc) to an orthogonal stationary frame (af3), the following equation is used:

._1 1 1 -
. . 2 2
a a
2
[xﬁ]=[T]'[xb] o [M=2]p B _B
x, x, 3 2 2
1 1 1
2 2 2
(R _ —
? »lb
? -+ °*y V_aipha
[ ) I o
‘ - o

Figure 5.24 — Clarke transform
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- Park: in order to implement the Park transform, to switch from a orthogonal
stationary frame (af3), to an orthogonal rotating frame (dq), the following equation
is used:

[9;;1] _ [ cos? sinﬂ] _ [fc;] = [4(9)]- [fc;]

—sind cosv
D, o] g
V_alpha axb »a
»b
a+b—»(1)
[~ || vd
( 2 } "r‘l Z'“ I »|a -4
V_beta z axb »|b
»b
»|a -4
z
L ‘ axb »a
cos - »ib
-1
G)—» = - —C2)
theta : Vg
sin »la 4
‘ _ axb » b
CORDIC SINCOS

Figure 5.25 — Park transform

- Clarke & Park inverse transform:

The subsystem ‘Current_dqg_to_abc’ has the task of transforming the phase currents,
in the rotating reference dgq, in the stationary reference abc.

G af—— (D
id lalpha lalpha la
.—’ Ig Ib .,-
Ig Ib

Ibeta | [beta
e o
theta (4
Park inv Clarke inv

Figure 5.26 — Inverse Clarke & Park transform
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This block is divided into two subsystems:

- Park inverse: in order to implement the inverse Park transform, to switch from an
orthogonal rotating frame (dq) to an orthogonal stationary frame(af3) the following
equation is used:

L[] = tac-on - []

[};Z] - [Z(L)rig cos?

z »a
Id axb >
»b
a-b > 1)
lalpha
2 -1 * >
- Z ]’ a 74 -
Iq _ axb
* b
»la 4
axb >
cos »|b
G)—»fz oM .
asd »(2)
theta Ibeta
sin >
»a Z“ -
N axb »
b
CORDIC SINCOS

Figure 5.27 — Inverse Park transform

- Clarke inverse: in order to implement the inverse Clarke transform, to switch from
an orthogonal stationary frame (af3) to a three-phase system (abc),the following

equation is used:
1 0 17
Xq Xg 5 1 ﬁ 1
Xp| = [T]_l - Xp o [T]_l = § 2 2
Xc X0 1 V3 1
A R N

&5
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axb »b
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> b
a+ b » 3 )
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-0.875|——|a o4
axb »b

Figure 5.28 — Inverse Clarke transform

- Input/Output:

The FPGA receives as input the 3/6 PWM generated by the controller through the use
of Digital In channels.

Digital In - Ch: 7 [Mod: 1]
PWMa L PWMa
FPGA_IO_READ_BL1
Digital In - Ch: 8 [Mod: 1]
g PWMb Data T { 1)
input FPGA
FPGA_IO_READ_BL2
Digital In - Ch: 9 [Mod: 1] »
PWMC U PWMc

FPGA_IO_READ_BL3

Figure 5.29 — Input of FPGA
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The inverter model in FPGA calculates the v,, v}, and v, phase voltages. By using the
use of the ‘Voltage_abc_to_dqg’ model, they are converted into v; and v, which are
then passed to the processor, through the use of communication blocks between
FPGA and processor.

The processor with the PMSM electric model and PMSM mechanical model calculates
ig and i, currents, mechanical speed, mechanical position and torque.

The currents in the reference dq are passed to the FPGA that by using the
‘Current_dq_to_abc’ model transforms them into iy, i, and i. phase currents.

»lData Analog Out -\E‘:ah: 16 [Mod: 1)

<Va> Va
Scaling_Va
FPGA 10 WRITE BL1
i Data Analog Out - Ch: 17 [Mod: 1]
<Vb> Vb Vb
Scaling_Vb

FPGA 10 WRITE BL2

I > Analog Qut - Ch: 18 [Mod: 1]
<\e> Ve e Ve

Scaling_Vc
D, ____ FPGAIOWRITEBL3
oulput FPGA
Data “nalog Out - Ch: 18 [Mod: 1]
<la> la la
Scaling_la
___ FPGA IO WRITE BL4
i Data Analog Out - Ch: 20 [Mod: 1]
<|b> Ib Ib
Scaling_Ib

FPGA 10 WRITE BLS

] » Analog Out - Ch: 16 [Mod: 2]
pr ™ Data lo

Scaling_lc

FPGA_|O_WRITE_BL6

Figure 5.30 — Output FPGA
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5.3 FPGA Scope

Since version 1.2, a FPGA scope has been implemented in the model, using dSpace’s
XSG Electric libraries.The FPGA Scope has the ability to see signals that evolve quickly
in the FPGA, with a calculation step of 8 ns, taking advantage of a data buffer towards
the processor.

The MULTI_SCOPE block allows the automatic generation of the interface processor-
FPGA, creating two temporary files that must be integrated into the model.

( A Sl )
A SoraltH)
A Sgral_ 3
X Sorel_¥]
) Sgrel &)
X Sgral 8§
N Sgrel_t]
N Sgrel TH
3 Soral 8 | pocasgrens b
3 Sgral ¥
3 Sgrei_ 104
3 Sgral_¥1|
3 Sgral_ 1|
§ Sgral 13
P Sgre_ 14
¥ Sgrei 14
(Mm‘ Triggedo{1]> Mo _Trggesies !
“Downsampdng(1_131071]> Downsampinglt_131071]
<Trigger_Optionf_6}> Trgue: vdonfl ¢
<Trigges_Detayl-}> Trgue: Celant]
<Puise_Length[Clocks|> Puse LergifCiooks
<Trigge:_Source{0_17> Trgge: Souweslt 17|
<Threshold]-}> Thimatucis| |
Regter_1 <Tngger_Modej0|1(23)> Trigger_ Modefor 1 213]
T Proc_Symc_impiti 1 oF Proc_ Sy gt 999 !
Regstor_2 o Signal Channel D015 R e
F4  —
MULTI_SCOPE_in R K
FPGA Intertace <Signal_Channel_2{0_15p I:Q::; I.,,
e e
SOSRA o —
<Signal_Channel_S{0_15}> g
<Signal_Channel_8{0_15p> | Sigrel_Channel_8I0_15

TS —ae gl Chaneat_TIO 16
!*S@Ml Channel_T[0_15p _} AT e

Figure 5.31 — FPGA interface of MULT|_SCOPE

In the Multiscope block in the FPGA part you must connect the signals you want to
display in the scope on ControlDesk to the Signal ports [0_15]. The signals below are
for checking the scope.

You can connect 16 signals and 8 of them can be seen simultaneously on ControlDesk.
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On the processor side you can control the triggering and capture signals.
Trigger modes are similar to a real oscilloscope: 0 = stop, 1 =run, 2 = signal sequence,
3 =video:

P Trigger Mode(- 1)011213]

4 N
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Figure 5.32 — Processor interface of MULTI_SCOPE
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To use Multiscope, the XSG Utils library must be imported into ControlDesk.
Dragging any variable in the Multiscope will start the automatic configuration and at

the same it will generate the scope and the settings in order to control the
oscilloscope.

«b
v
- "
Q

FPGA Multiscope Settings

I_a[A]
Stop Run Single Video Manual L_BIA]
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Trigger Delay[:
0. 00E-006 < 0.00E4+0. 3 < 2.1E+000

Host Service Creation

Create XY
Multiscope + Plotter

Figure 5.33 — FPGA scope interface
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5.4 Configuration

After developing the model that will run on FPGA, there are two important steps in
order to load the model on the FPGA and test it through the use of the simulator:

- Timing analysis: it is a test that allows you to check if each block and operation of
the implemented model are performed within the set latencies or if more time is
required.

FPGA

& © 8 -
T ey = - ; FPGA Setup
Cormpsation Clockng General

o Parameters  subystemClocks | FPGA Access | ConfigurationDesk hiertsce

Board
FROA model optons
o
FPOL appicabion name ot Same 2% subvystem | =odel
Pant : Il
e [Kmbex xeTk160H2gl 76 B Compilation status = o X EDesispFs Current directory
Compilation :

DL Netist

Hardware description language : VHOL library :

Target directory :

" Synthaesis strategy © Implementation strategy :
. Vive ementolin Defs E — Bt

[re-lanalyum for FRGA_MDATA biscls (recommended)

Figure 5.34 — Timing analysis

- Build: it is a function that allows you to translate the language implemented on
Simulink into HDL code. Once the process is finished, a folder with an .ini file inside
will be created so that you can configure the FPGA part on Configuration desk.

WORK  DIRECTORY: C:\Users\Kineton\Desktop\Andreas\ControllerInverter\inverter rtiFPGA\FPGA 5744FAAREA2D36
BUILD DIRECTORY: C:\Users\Kineton\Desktop\Andreas\ControllerInverter\inverter rtiFPGA\FPGA_5744FRAAEA2D36
RESULT FILE: C:\Users\Kineton\Desktop\Andreas\ControllerInverter\inverter rtiFPGA/INI/FPGA 5744FARRER2D36.ini

Type Used Available Utilization [%]

Configurable Logic Block Slices (LUTs, Flip-Flops) 6509 25350 25.68
Configurable Logic Block Slice LUTs 11744 101400 11.58

Configurable Logic Block Slice Flip-Flops 17827 202800 8.79

Block RAM Blocks 36 Kb 8 325 2.46

Block RAM Blocks 18 Kb 12 650 1.85

DSP Slices 24 600 4.00

FPGA Build Done
Elapsed time is 00:25:54.

Figure 5.35 — Build
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Once you have completed these two operations and then the code of the FPGA has
been generated, the next step is the configuration of the model through
Configuration Desk.

Through the FPGA setup block you can automatically generate a Configuration Desk
Project with all connections for communication between FPGA and processor.

.

4 FPGA_SETUP_BL1 [PMSM_V1_4/FPGA_Controller_V1_4] - X
FPGA Setup
Unt Parameters Subsystem Clocks FPGA Access ConfigurationDesk hiertace

Export all buld resuts 1o ConfigurationDesk

Bud resut to export  FPGA_Controller_V1_4_BESTDASTEO201C - Bukd: 28/Aug22 (18:14)

Name of (new) project PMSM_V1_4 TExport 1o new project | | import parameters

Select recent project: |10 salacteds « [Exportio recent project | Refresh ist

Processor interface

Generate all processor interface blocks for this FPGA subsystem Generate

Select subsystems for muticore support

[l FPGA_Comtzoller_Vi_4 -

}—acTUATOR

| }—IvTEmmAL_
| F—INTERNAL_

| |—THREE_PHASE PWM
| l—THREZ PHASE PWM GE

Resubng function types

dSPACE oK Cancel Help Apply
Figure 5.36 — FPGA Setup block

To create this project, a specific block located in the dSpace libraries called Model
Separation Setup is used. This block has the function of indicating which subsystems
will run on the processor.

4 Model Separation Setup [PMSM_V1_4] - X

Configuraton
Fpos comoter v el
FRGA_PUSU_V1_&

= #] PMSM_V1_4_carel

X
PMSM_V1_4_corel
- | PMSM_V1_d_coreZ
- PMSM_V1_4_core2
»
-
v
Nodal Narme
Hodel Foider
Master D
Took
Create Models  [] inbisize Wodel
dSPACE ave Clese He

Figure 5.37 — Model Separation Setup
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At the end of the configuration, on Configuration desk you will find the following
screen:

Fiegisters4 In 16

Fegiater6din 17|

RegistertdIn 18|

il

Pegisterfd In 19|

Fegsterbs In 20|

Registertdin21

i

|
v

wmineie e - o FPGA_R (1) Untorrupt 1- RCP

fegrterIn 1-1d detn

Register In4- v

Flagiater S iml

il
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Ragister In7 - MULTI_SCOPE_R1

l]

Register In 8- MULTI_SCOPE_R2

Register Out 1-vé

Register Out 3- MULTI_SCOPE_R1

FRegster Out 4 - MULTI_SCOPE_R2

Register Out5- MULTI_SCOPE_R3

Ragister Out 5- MULT)_SCOPE_R3.

Register Out6- MULTI_SCOPE_Ré

Register Out 7- MULTI_SCOPE_RS

Ragister Out 8- MULTI_SCOPE_R6

Register Out9- MULTI_SCOPE_RT'

T

Reegister Out 10- MULT|_SCOPE_RS.

|

Register Out 11- MULTI_SCOPE_RS|
Figure 5.38 — Configuration Desk interface of the model

On the Multi Module screen you can see the information exchanged between the
models running on the processor:

FrYYY

V
i

Figure 5.39 — Multi Module
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Once you have achieved this configuration, you can import the simulator hardware
that will be used and then build this new model. This operation will generate an
extension file. sdf that will be inserted in the simulator so that you can run the
application in real-time simulation

AL LAY s WWBEAS A RIS LR A U L A PR e b A UM ¥ S LA AL S AV VR VA | PR Y s _T_VAe | R o
Compiling "C:\Users\Kineton-W8\Deskvop'\Fabio\HIL_MMAN\Configuration’ PHEM_VI_{\Applicasion_001\Componen Vi_4_cored\ PHEM \'l | cored_dsre’ PHEM ! l
Compiling "C:\Users\Kineson=W8\Deskvop\Fabio\HIL MR\ Configuravion\ FHEH Vi l\cuuwluneueun'm Consrelle VJJ e ..

Compiling “C: \Kineton=-WE\Desktop\ Fabic\ HIL_PMSR\Configuration\PHSH_Vi_4\Applicasion_00L\Bud Ld\ s V1 _| SysinsCode\fn_exit
Compiling *C: \Kineton=H§\Deskrop\ Fabie\ NIL_PHEH\Confiqurarion| FHEH_V1_4\Applicasion_00L\Bud 14\ PHEM_V1_4_sored\SysIntCode\d
Compiling “Ci\Program Files\dSPACE RCFNIL 2019-B\ConfigurationDeskInpl tihon\ N Sre main.cpp”

Compiling *Ci\Users\Kineton-WS\Deskrop\Fabio\HIL_FHEM\Configuration\FHEH Vi_4\Application_00L\Build\PHIH_V1_i_sere2\SysIntCode\rtosal_task.cpp®
Cempiling "C:\Users\Kineton-WS\Desktop\Tabie\HIL_PMEM\Configuration\PHSH_Vi_4\Application_00L\Bulld\PHSM_V1_4_sore2\SysIntCods\rtosal_taskap. cpp”
Compiling "C: ASPACE RCPHIL 2018-B\ConfigurationDesk\Inplenentation: EnbsddediW:fre mengine_api . epp”

Compiling "C! y _Vi_4\Custenunctions\FPGA_Contreller_Vi_{_sfuse.cpp”

Cempiling *C: \Kineton=W§\Desktop\Table\HIL_ PO\ Configuration\ FHSHM_V1_4\Application_001\Bulld\PHSM_V1_i_scorel\SysIntCode\rtosal_simsnginesp.cpp”
Compiling "C: cuuuruneumurm PMEM_V1_4_afusk.app”

L

P Pp”
ne_sccesspeint cpp”

iling *C: \Desktep\Tabio\ HIL_PMEN\Confiquration) PHEN PCA_PMEN_V

Compiling *C:\Users\Kinaton-WS\Desktop\Fanio\HIL_ CHEM\Configuration) PHIM_V)_\Application_00L\Bulld\PHSN_VI_i_corel\SysIntCods\mdladapte mdlfunctions. cpp”
Compiling *Ci \Kineton=WE\Desktop\Tabic\ HIL_OMRN\Contiguration\ PHEN_Vi_¢\Application_00L\Busld\ PHEM_V1_|

Compiling "C: \Rineton-WE\Desktop\ Fabic\ NIL_DMSM\Configuration\ PHEM_V1_\Applicaticn_OOL\Bulld\ PHEM_V1_ 2

Compiling *C:\Users\Xinevcn=WS\Desrvop\Fabic\NIL_PMSM\Configuration\PHSM_V1_4\Application_00L\Build\PMR{_Vi_¢_core2\SysIactCode\malCods_ ..p P
Compiling "C:\Users\Kineton-W5\Desktop\Fabic\HIL_FMSM\Confiquration)\FHEM_V1_4\Application_0O0L\Build\FHSM_V1_i_corel\SyslatCode\fm_entIy_ap.cpp” ..
Making library "PHSM_V1_4_core2.a® finished

Cempiling *C:\Users\Kineton-WS\Desktop\Fabic\HIL_PMEM\Configuraticn\FPHSM_V1i_
Compiling *C:\Users\Kinevon-W§\Deskvop\Fabic\HIL_PMRM\Conti FHSH_Vi_ .
Compiling *C:\Usecs'Kineton-WH\Deskrop\Tabic\HIL_PMRM\Conti \PHEM_V1_d\Applicasion_00L\Build\PHsM_Vi_i_corel\SysinsCode\mdlctg_inte
Compiling *C:\Progzam Files\GSPACE RCPMIL 2019-B\ConfiguraticnDesk\Implementation\EmbeddedsW\ frc\recsal_interappleom.cpp® ...

Creating spplication image file ...

\Application_O00L\Build\PHSM_V1_i_serel\SysIncCods\I0Cods_Da

epp”
ccesspeint_FRGA_Consralles_Vi_4_L6€1700084.cpp” ..
pplecm.cpp® ...

Make phase completed for the following applicesion process: RESM_Vi_4_corel
Post make phase started
Post make phase finished
Generating SOF file "Application_00L
Build results gensrated to: “C:\Dsers\Kineton-WS\ Desktop)Fabio \HIL_PHSM\Configuration\PHEM_VI_d\Applicatien_001\Build Results’

Figure 5.40 — Configuration Desk build
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5.5 GUI

In this section will be presented those that were the graphical interfaces developed
in such a way that you can control the application in real-time but above all you can
make it as intuitive and accessible as possible.

5.5.1 GUI overview

The first graphical interface represents the whole model in its completeness:
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Figure 5.41 — GUI Overview

First of all, we can see in the upper left, the presence of an ON/OFF button from which
you can turn on or off the Device Under Test (DUT) and also check the speed of the
motor. In addition, as it changes, it is possible to see through a series of textboxes,
the value of the supply voltage (V,;.), current (I,3.) and voltage (V) in phase and
mechanical speed of the motor(w,;,).

Finally, the template itself provides a quick link to the other layouts described below.
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5.5.2 Electric model

This interface gives the complete vision of what is the electric model of our
Permanent Magnet Synchronous motor (PMSM):

A st o ckmanks Froposea Calbration ©
2 ot Bookmarks »

\\\\\

G B 1GUI Oveniew M2 2Motor X MY 3Mechanic MY 4Controller MJ3FRGA Scope HYSDCUNK M7 Inverter -X x

eineton -

Stator currents [A]

Target Speed [rpm]

10000

Stator resistance [Ohm]

BN 3ng 5 | uoik

Motor torque [Nm]

2 2 0 @ u % w0 @
-axis stator currents [A]

es | £ Measu

 Varian ement Dats Pool | BB Platforms/Devices | @8 nterpreter | 5 Messages
H AP Scrivi qui per esequire 1a ricerca Pl

Figure 5.42 — Electric model of PMSM

As it has been described in the last interface, we can immediately notice the presence
of a button ON/ OFF and a textbox able to insert and control the speed of the engine.
Moreover, on the right side we have a link to the general overview layout and a Reset
button.

Moreover, on the left side we can change in real-time the characteristic parameters
of the motor as for example the stator resistance, the inductances or the flow. In
addition, you can decide whether to use a triangle or star engine configuration.

As in the last interface, it is also possible to view the changes thanks to the displays
and visualize their trend thanks to the presence of three graphs on the right side.
Starting from the first graph at the top, it is possible to visualize the phase currents in
three-phase steady-state (I,;.), the torque (T;) and the corrects of the rotating
frame (I44).
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5.5.2 Mechanic model

This interface gives the complete vision of what is our mechanic model of our
Permanent Magnet Synchronous motor (PMSM):

o= o @ =
& g8

Motor Speed [rpm]

Inertia_Motor [kgmz]

—
Dam| [N _ p
. z 100015 rpm Maotor Position [deg]

srisblas | | 8 Messurement Data Pool | BB Platforms/Devices |8 ntarpreter | T Messages

& Vst ement Data Poo o
H AP Scrivi qui per esequire 1a ricerca Pl

Figure 5.43 — Mechanic model of PMSM

Also in this layout we can find the same buttons present in the previous interfaces:
ON/OFF, Reset, Target Speed and 'Back to Overview'.

On the left side we find textboxes that allow us to change in real-time the mechanical
parameters of the engine such as the inertia or the damping coefficient.

In the center we can see from the appropriate display the change of the values of the
model, while on the right side we find three graphs that represent, from the top,
respectively the speed of the engine and the mechanical position.

Finally, you can activate a gain friction in order to insert in the model a torque that
depends on the speed. However, it has not been implemented in the model.
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5.5.4 Inverter

This interface gives the complete vision of the inverter:

G BL1GUI Overview M22Motor ME3Mechanic MEd Contioller MY SFPGA Scope BE §DC_UINK" | B 7 loverter X x| 8=
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H 0.00 A ©
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| —— 4 H J H JH Duty Cycles 0l
; HSD, HSD HSD
& 0000 e 0.000 v 0.000 =
inimum curron a IO
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g Low_Active [011] 000 Vv b > 0.00 v
;. : i’ - i’ | i’ |
] Const_Motor_Topology [112] oo, ond 00:
£
— 0000 | LSD, boos |LsD, 0000 |LSD,
Const_Rs[Ohm)
C 5|

B Varisbles | {8 Measurement Data Pool | M Platforms/Devices | Interpreter | T Messages
Inseris an empty layoutinto the active experiment.

AP Scrivi qui per esequire 1a ricerca

Figure 5.44 — Inverter

Also in this layout we can find the same buttons present in the previous interfaces:
ON/OFF, Reset, Target Speed and 'Back to Overview'.

On the left side we can find textboxes where you can change the inverter parameters
in real-time.

In the inverter diagram it is possible to see through the appropriate displays the trend
of the PWM on the individual transistors and the phase voltages for each branch
generated.

The graphs on the right side represent the supply voltage and the duty cycles that
control the transistors.
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5.5.5 Controller

In this section you can see the implemented controller structure:

=k = @ =
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Figure 5.45 — Controller

We can always find, as it is in every layout, the ON/OFF button, the RESET, 'Back to

overview' and the textbox speed control.

On the left side it is possible to change in real-time the proportional and integral

coefficients of the 3 Pls of the controller.

In addition, you can view the instantaneous trend of the most important signals of

the controller.
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5.5.6 DC Link

This layout has been structured in such a way as to enable or disable the DC Link
simulation, thus simulating a real or ideal power phase. However, this feature has not
yet been implemented in the model
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' Astign Properties R | msodtomk | BuMowcOown | 38
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Figure 5.46 — DC Link
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5.5.7 FPGA Scope

In this last layout, there is the possibility of displaying signals in the FPGA,
characterized by faster dynamics than the processor signals. For this purpose,
therefore, the FPGA scope is present in the model.

In particular, it is possible to see the trend of voltages and phase currents, currents
and voltages in the dq regime, PWM, mechanical speed and mechanical position.
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Figure 5.47 — FPGA Scope
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6. Discussion of the Results
6.1 Version 1.1

The aim of the thesis, besides validating the model in its completeness, reaching high
speeds and good performance, was also to make it as malleable and parameterizable
as possible.

To achieve the desired results, the following values have been chosen:

[CON.Kp spd
CON.Ki_ spd ;
CON.Kp d = :
CON.Ki d = ;
CON.Kp g =
CON.Ki g = :
MOT.Rs
MOT.Ld ;
MOT.Lg = ;
MOT.I
MOT.P ;
MOT.Fe = ;
MOT.phif (MOT.Ke) / (sgrt (3) *2%pi* *MOT.P/c0) ;
MOT.Bm = ;

MOT.I max = ;

MOT.configuration = . ;

MOT.FPGR step = ;

Figure 4.1 - Parameters

Following the logical thread that was taken in the last chapter, at a first was tested
the electric and mechanical model in the Synchronous Permanent Magnet motor
(PMSM).

- . Variable Array_2: Target Speed [rpm]/Value
T -1.797T69313486232E+308..1.79768313486232E+308 Converted Incr. +1/10

[ Variable Value Unit

[ [F] Target Speed [rpmValue 5000 =

Tunable Parameters/Ki_d 100 S

[ [F] Tunable Parameters/ii_g 100 =

A |E| Tunable Parameters/Ki_spd 10 =

| ] Tunable Parameters/ip_d 0.4 =

[ [F] Tunable Parameters/Kp_g 0.4 =
""""" [ [F] Tunable Parameters/p_spd 100 =

Figure 5.2 — 5000 rpm Target Speed
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By inserting a targetSpeed = 500 rpm ,we can see in the figure (6.2), how the

engine follows its target and reaches the desired speed.

In order to make the response smoother and less noisy as possible, the integral

coefficients of the controller kigz and ki, have been changed in real-time, and set at:
kig = kiz = 100

In the second example below, a target speed = 12000 rmp has been set:

................................................ Variable Array_2: Target Speed [rpm]iValue
1 79769313486232E+308 1 79760313486232E+308 Gonverted Incr. #1710

1 Besd I I I I I I I I i Variable Value Unit

L [P] Target Speed [rpm}/Value 12000 5
144 - [P] Tunable Parameters/Ki_d 100 =
12es4 [ [P] Tunable ParametersiiKi_gq 100 3
[ ] Tunable Parameters/Ki_spd 10 =

1.0e+4 I
[Fl| |Tunable Parameters/Kp_d 0.4 =
08e+d { ——1 [ [P] Tunable Parameters/Kp_g 0.4 =
[ [P]| | Tunable ParametersiKp_spd 100 =

0.6e+4

D.de+d

02e+4

e 090909090

Finally, remembering the control logic implemented for the target speed, a value
higher than the base speed of the engine was added. Therefore, we can see that it
does not follow the set target but it saturates to the value of the base speed instead:

Variable Array_2: Target Speed [rpm]/Value
-1.79769313456232E+308..1.79768313486232E+308 Converted Incr. +1 /10

I Variable Value Unit
16es4 I [F] Target Speed [rpm)/Value 15000 =
- [F]| |Tunable Parameters/Ki_d 100 S
1.de+d i
[ [F] Tunable Parameters/Ki_g 100 =
1.2e+4 [ 7] Tunable Parameters/Ki_spd 10 =
- - [F] Tunable ParametersiKp_d 0.4 =
1.0e+4 I
[ [F] Tunable Parameters/Kp_g 0.4 =
0.8e+d [ [F]| | Tunable ParametersiKp_spd 100 S

0.6e+4

0.4e+4 [l
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6.2 Version 1.2

As it was anticipated in the last chapter, version 1.2 is to be considered as an upgrade
of the model first presented. After having correctly implemented and tested the
electric and mechanical model of the PMSM, the Clarke & Park transforms have been

added to the model.
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In the figure (6.5), through the use of the FPGA Scope, we can see the course of both

the i;p currents and the vy, voltages with a target speed equal to targetSpeed =

5000 rpm.

Below will be given a similar example but with a target speed set to targetSpeed

10000 rpm.
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Figure 9.6 — Clarke & Park transform through FPGA Scope (10000 rpm)
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Moreover, through the use of specific RTI blocks, three 'Analog_out', it was possible
to see the trend of the v ;. voltages thanks to the use of an oscilloscope

Hantek Y& Il WWWWIWA 40. Oms

50.0mvV B8 e B0 Omy CH1 f 44.0mv ;
Figure 10.7 — Clarke & Park transform through Oscﬂloscope
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6.3 Version 1.4

In this latest version 1.4, which it has been explained in detail, the controller we
developed in FPGA has been deleted and replaced with the controller already
implemented and located in the dSpace matlab libraries. In this way it was possible
to test the final model in its completeness.
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Figure 11.8 — Target Speed (rpm) vs, Motor Speed (rpm)

In the figure (6.8), we can notice from the two graphs, as the course of the speed of
the motor appropriately follows the values of the set speed of target from an
appropriate textbox situated in top left. In addition, we can note that when the Reset
button is switched on, the engine speed returns to a value of 0 rpm (engine off).
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Next, an overview of the engine’s electric model is shown, along with three graphs
representing stator currents (i, ), Motor torque (T;,) and currents in the orthogonal
rotating reference frame (i4q).
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Figure 12.9 — Electric model of PMSM simulation

Finally, as for the inverter model, the following image shows the trend of the values
and on the left side are represented the graph of the supply voltage (v, = 48V),
and the PWM.
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Figure 13.10 — Inverter model simulation
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7. Conclusion and future developments

Nowadays, Hardware-in-the-loop (HIL) techniques are increasingly in demand as this
type of simulation allows testing the systems both in its intended modes and under
dangerous situations. Moreover, this type of simulations run at real time speed and
perform I/O with the Device Under Test (DUT); in this way the test item believes it is
operating as a component of a real systems in its operational environment.

As it has been extensively discussed in Chapter 5, considered the complexity of the
project itself, several models have been created with structures of increasing
difficulty.

In this way, it was possible to test one by one the electric and mechanical model of
the Permanent Magnet Synchronous motor (PMSM) and the Clarke & Park
transforms.

Once these models have been successfully tested, the final model has been created
by using a FOC control unit as a device under test (DUT), which was already
implemented and located in the dSpace Matlab libraries.

Thanks to the implemented model and the parameterization used, it was possible to
achieve excellent system performance both in term of response to noise and for the
achievement of high speeds.

Moreover, having operated outside the flux-weakening, it has been possible to spin
the motor approximately up to 13000 rpm.

Therefore, considered the impossibility of having a real control unit to be used as a
device under test, one of the next steps of my project will be then to replace the
dSpace controller with a real control device.

In this way it will be possible to make a comparison with the model tested during my
thesis and to visualize the differences both in terms of performance, speed achieved,
parameters used and furthermore to adapt the model according to different and
specific requirements.

Therefore, last but not least, a future job will be to verify and test the response of this
model in such a way as to reach the same objectives even by using another device
under test (DUT) different from the one used in this project.
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