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Summary

With the rapid development of power electronic devices, the ideas of more-electric
ships (MES) and all-electric ships (AES) have become practical. A shipboard
power system (SPS) permits more efficient utilization of the energy provided by
fossil fuel. Electricity can be easily transported through cables or wires, which
considerably saves space and reduces weight. This update creates an impact on
almost every part of the system, including the power distribution system, the
propulsion system, and the auxiliary system.

Electric machines (both thrusters and deck machinery products) are the most
critical parts on an SPS. The traditional direct connection between the prime
mover and the propeller is replaced with an electrical propulsion system. The
operation speed for an electrical propulsion system is not fixed. Thus it can run
at any optimized speed to reduce fuel consumption. The dynamic performance of
an electric machine is better than diesel engines or gas turbines. The whole system
becomes more robust, and the maintenance cost is minimized. These advantages
would not have been possible without the development of electric machine drives.
This thesis is focused on improving the performance of electric machines.

To begin with, in response to the complicated environment in marine appli-
cations, requirements to the dynamic performance are higher. A novel algorithm
named the optimal reset controller (ORC) is introduced to the speed controller
of electric machines. The ORC continuously resets the state of the base system
through a designed optimal law. Through which, the transient response is im-
proved while the overshoot is eliminated. The algorithm is shown in detail. It is
verified by hardware-in-the-loop (HIL) tests and experiments conducted on a 15
kW induction machine test rig.

Next, regarding the extreme operation conditions in marine applications, the
demand for the permanent magnet synchronous motor (PMSM) sensorless con-

trol is growing. Since the traditional back-EMF sensorless control method has

X



limited performance in low speed, a common approach is to start the machine in
an open loop and switch to closed loop sensorless controller when the machine is
accelerated. The switching transient may cause current overshoot and machine
vibration. The switching transient is comprehensively analyzed, and a smooth
transition method is proposed. It is a closed loop approach to reduce the g-axis
current gradually with the error angle as the feedback. The simulation verifica-
tions are shown. Hardware experiments are conducted on two sets of PMSM test
rigs rated 3 kW and 50 kW, respectively.

In marine applications, parameter variations have always limited the system
performance and jeopardizing the robustness. Electric ships are required to work
in diverse environments. They may have to work under a considerable variation
of temperatures. In addition, they may endure a long-term operation without
maintenance during ocean-going voyages. On the induction machine (IM) part,
the parameter variation conditions are reviewed. The rotor resistance R, is the
most important parameter in the slip speed calculation of indirect field oriented
control (IFOC). The DQ misalignment that caused by parameter variations is
analyzed, a novel method is proposed to estimate the DQ misalignment angle,
and compensate it through an updated R,. In the simulation, the influence of
parameter change on the DQ misalignment angle is shown, and the effectiveness
of the proposed method is verified. Hardware tests are carried out on the 15 kW
IM. Error angles under different rotor time constants are calculated to test the
proposed method.

Equivalently, the effect of parameter variation on a PMSM is discussed, and the
on-line identification methods are presented. A rotor flux Luenberger observer is
introduced. The equations are derived, and the hardware test results are reviewed.
There is a 6% error between the estimation and the measurement. The possible
causes are discussed. Next, an on-line recursive least square (RLS) method is
applied to identify multiple PMSM parameters at the same time. Experiment
results are shown. It is proved that this method is highly sensitive to the test
environments. The effect of the d-axis current perturbation and the setting of
the forgotten factor are very important parts for the algorithm design. They
are discussed thoroughly in this chapter. Simulation and experiment results are
conducted on the 3 kW PMSM test rig.
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Chapter 1

Introduction

1.1 Background

The traditional marine system has changed profoundly with the development of
electric devices and machines [1]. The idea of a more-electric ship (MES) has
become practical due to the rapid development of power electronic devices since
1990s [2]. The update will impact almost every parts of the system, covering the
propulsion system, the power distribution system, auxiliaries, sonars and radars.

A shipboard power system (SPS) permit a more efficient utilization of the
energy provided by fossil fuel. The electricity is easy to transport through cables or
wires, which considerably saves space and reduces weight. The power generation
and distribution system in a electric ship are connected with an AC bus [3]. For
other occasions, DC distribution bus has been installed where it is adapted with
AC/DC converters. The voltage range for a DC bus is between 1.5 kV to 3 kV [4].
A typical configuration of the future SPS is presented in Figure 1.1. The prime
mover for generators on most electric ships are diesel engines or gas turbines. The
propulsion system is the crucial load on board. It is connected to an AC/DC/AC
inverter. Other loads include lighting, communications, radar, cranes pumps are
also powered through the main bus. In addition, power storage and supply units
like battery banks, fuel cells or super capacitors are fundamental to the overall
stability of the whole system.

This thesis focuses on the electric machine drive in a marine system. Among all
marine applications of electric machines, the electric propulsion system consumes
most power that generated. The history of electric propulsion system is dated
back to the 1920s when twin 3,500 hp (about 2611 kW) turbo-electric propulsion
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Figure 1.1: Simplified configuration of AC-SPS [5]

plants were installed on a battleship named the US Jupiter [3]. By the year of 2010
the power load of specific warship modules have reached 9000 kW. It is estimated
to be doubled by 2020. On civil use, the first all-electric cargo ship has launched
in Guangzhou, China by the end of 2017 [6]. This remarkable vessel is equipped
with a 2,400 kWh lithium-ion battery. The electric ships have a positive influence
on the environement too. It is estimated that global greenhouse gas emissions
will be decreased by 2% by replacing the traditional cargo ship with an electric
one [7].

Figure 1.2 shows four typical electrical machine applications on the marine
thrusters and deck machinery systems [8]. The electrical propulsion system con-
tains several sets of motors. The main thruster(s) provides the forward force for
a ship. It is placed on the back of the ship. Tunnel thruster (Figure 1.2a) and
Jor azimuth (podded) thruster(s) (Figure 1.2b and 1.2c) are innovations of the
modern propulsion system. They are installed beneath the keel and bring more
agility for the ship. Azimuth thrusters are designed in a pod shape and connected
to a shaft which is able to rotate to any horizontal angles. It can take the place
of the rudder in some applications. An electrical winch is shown in Figure 1.2d,
which is a typical deck machinery.

Various kinds of electric machines have been introduced to the marine propul-
sion system. The technology is the most mature on a induction machine. The

PMSM, on the other hand, also have several commercialized applications avail-
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(a) PM tunnel thruster (PMTT) (b) Azimuthing thruster driven by
induction machine

(¢) Azimuthing thruster driven by (d) Trawl winch with PM motor
PM L-drive

Figure 1.2: Propulsion and deck machinery products [8]
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able. Novel designs like reluctance motors are still under development [9]. There
are various requirements on the machine for different ships. The listed characters

should usually be covered.

e Power density: Although requirements on the power density for a more
electric ship (MES) is not as strict as it is on a more electric aircraft (MEA),
it remains as a significant concern given the enormous power demand. Take
the modern electric cruise liners Queen Mary Il as an example, its total
power is 86 MW [10], the total weight for electric machines and power
converters is as high as ten tons. Less weight for the machine and the

converter means higher efficiency or more cargo loads.

e Torque density: Some electric ships particularly requires high torque in
operations, for example, icebreakers or towboats. Additionally, all electric

ships would appreciate high torque during startup.

¢ Robustness: In a marine application, the working conditions are harsh for
all equipments on board. To begin with, the salty environment deals much
damage to electric devices. Additionally, the machines should be strong
against continuous vibrations. Lastly, sensors become fragile in extreme
working conditions, which leads to intense demand for sensorless control

algorithms.
e Cost: Cost is always an important concern in industrial designs.

Each type of motors have its own advantages considering the requirements that
listed [11]. PMSMs are supreme because of their high power and torque density.
On the other hand, PMSMs are less economical friendly due to its demand on
the rare-earth material. Induction machine (IM) has the lowest cost since it has
elementary structure and its manufacturing processes are mature. The cost and
performance of a switched reluctance machine (SRM) are in between of these
characters in the IM and the PMSM. However, the torque ripple for SRM under
low speed should never be ignored. The research topic in this thesis is focused on

the IM and the PMSM due to requirements of particular industrial projects.

1.2 Motivation

The benefits of the electric propulsion system (EPS) are obvious [12]. First,

the traditional direct connection between the prime mover and the propeller is
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decoupled. A electrical propulsion system can run at various speed in case its fuel
consumption is optimized [13]. Secondly, on modern ships, more electric power is
consumed by the auxiliary load on board. Applying a electric propulsion system
makes the shipboard grid further integrated. Lastly, the ship with EPS has the
potential of accessing renewable energy sources like solar and wind.

The challenges in electrical machine drive in marine applications can be listed

in the following points.

e Dynamic response: The sea current and wind are changing continuously
on the ocean. That brings challenges to a ship who is required to maintain
its position while performing certain tasks. This process is normally refered
to as dynamic positioning (DP). It is realized by consistently changing and
tracking the reference speed in the machine drive. On the other hand, the
propeller may get lifted out of the water then throw back in few seconds in a
heavy storm, which induces a large and sudden load torque change. Strong

and robust dynamic response is very important in that conditions.

e Sensorless control: Speed/position sensors are essential but fragile in
the control system. Sensorless control is normally equipped as a backup
system in case of the sensor failure. In addition, it is impossible to install
a speed sensor in some particular applications. For example, on a novel,
high-efficiency rim driven thrusters (shown in Figure 1.3), the blades are
mounted on a ring which equivalents to the rotor. In that case, there is
no shaft for a traditional speed sensor to install. The sensorless control is

considered as a solution for the control on rim driven thrusters.

e Parameter variations: Machine parameters are influenced by many fac-
tors. They may change after the machine is installed, which brings chal-
lenges to the controller. Electrical parameters change with the motor work-
ing conditions. Mechanical parameters depend on the lubrication condition
and the load or machine which connected to the same shaft. Parameter
errors influence many model-based control algorithms. Parameter identi-
fication is very important to the advanced control of electrical machines.
In addition, parameter identification is essential when overcoming the chal-

lenges on the dynamic response and the sensorless control.
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Figure 1.3: Rim Thruster, presented at SMM 2010 [14]

1.3 Major Contributions

In this thesis, analyses are made on the remaining challenges in electrical machine
drives for marine applications. Algorithms and methods are proposed. Simulation

and hardware test results are shown. The major contributions are listed as follows.

e The optimal reset controller (ORC) is proposed to improve the dynamic
response of the electric machine drives. As a non-linear method, a ORC is
designed to overcome the limitations of the conventional linear controller to
eliminate the overshoot while sustain a fast response speed. The optimal
law is calculated by solving the Riccati equation in a linear quadratic regu-
lation (LQR) problem. The proposed algorithm is tested by a simulation, a
hardware in the loop (HIL) test and an experiment on a 15 kW induction
machine (IM). Hardware results show that the ORC is suitable as an add-on
to the stable base proportional-integral (PI) controller. Under various PI
controller damping ratios, the ORC provides improvements to the system
dynamic response. In sudden load tests, the rotor speed recovery time for
the ORC is faster than its base PI controller.
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e A smooth transition method is proposed to improve the transient perfor-
mance between a open loop starting and the sensorless FOC in the PMSM.
This method is based on a gradually reduce of the current misalignment
angle during the transient. The g-axis current decreases gradually based on
the closed-loop feedback of a defined angle error signal. In simulation and
hardware test results, the proposed method improved the transient current,

torque or speed responses.

e For the parameter identification on the IM, the most critical parameter is
the rotor resistance, as it is the reason for d — ¢ axis misalignment. In
this thesis, a novel method is proposed to find the d — ¢ axis misalignment
angle without identifying rotor resistance. Simulations are carried out to
verify the accuracy of the identified error angle. In the hardware test, the
rotor resistant value is identified by finding the slightest error angle with

the proposed method.

e For the PMSM parameter identification, the on-line parameter identifica-
tion method based on the recursive least square (RLS) method is explored.
It is found through hardware test that the test condition for RLS are very
important and it should not be neglected in previous literature. In addition,
in a previous literature, boundaries of the estimation region are given to the
specific parameters to guarantee the algorithm convergence. In this thesis,
the boundaries are removed. The influence of forgotten factor and pertur-
bation setting on RLS convergence issue is illustrated. In both simulation
and hardware tests, the RLS algorithm convergence is achieved. Possible

reasons of identification error are discussed.

1.4 Thesis Organization

Chapter 1 is the introduction of the history and the background of electric ships
and the application of electric machines on-board. Primary concerns and chal-
lenges are pointed out. Motivations and major contributions for this thesis are
given.

Chapter 2 reviews the background knowledge of the electric ship and marine
environments, along with electric machines and their fundamental control tech-
niques. Typical modules on a more electric ship are reviewed. The mathematical
model for both PMSM and IM are presented. Additionally, widely used control
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methods like the field oriented control (FOC) and the direct torque control (DTC)
are introduced.

In Chapter 3, previous researches on the ORC are reviewed. The reset law is
derived for electric machine speed loop control. Simulations are made. Hardware
test result is carried out on both the HIL test and a 15 kW IM test rig. The
hardware of HIL real-time simulator and the IM test rig are introduced in this
chapter.

Chapter 4 focuses on the sensorless control of the PMSM. A back electromotive
force (EMF) based sliding mode observer (SMO) is tested. Its robustness analysis
and the design of a low-pass filter are shown. A smooth transition method is pro-
posed to relieve the current overshoot during starting. Hardware tests are carried
out on a 3 kW PMSM test rig and a 50kW PMSM test rig. The introduction on
both PMSM test rigs are included.

The subject for Chapter 5 is correcting the potential parameter variation for
the IMs. Slip speed is essential for all asynchronous machine operations. In the
calculation of the slip speed, the rotor resistance plays an important role, which
makes it a variation sensitive parameter with top-priority. In this chapter, this
issue is examined from the direct-quadrature (DQ) current misalignment angle.
The theoretical analyses are performed. A novel method is proposed to find the
potential rotor resistance variation through the DQ misalignment angle. The
hardware test results are shown.

In Chapter 6, the parameter identification methods for the PMSM are estab-
lished. Two methods are implemented, namely the Luenberger observer and the
recursive least square (RLS) method. The former only estimates the rotor flux
while the latter works as a full order observer that estimates four important pa-
rameters: direct-quadrature inductances Ly, Lg, rotor resistance R, and rotor
flux linkage A\,. The hardware tests are carried out on the 3 kW PMSM rig. The
estimation results are compared with the measured one. The possible reason for
the error is discussed.

Chapter 7 concludes the thesis and offers recommendations for the future
research.

As introduced in "IEEE Standard Test Procedure for Polyphase Induction
Motors and Generators” [15], for whenever the word "motor” is used, it can
be replaced with the word ”generator”, similarly, whenever ”"machine” is used,
it can be replaced with either generator or motor. The only difference would

present within the energy flow direction. The same idea could be applied to this
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thesis. However, the works on electrical machines, including theoretical analysis,

simulation, hardware tests, will be focused on their motor applications.



Chapter 2

Electric Ships and Electric

Machines

In this chapter, the technologies about advanced control of electric machines in
marine applications are reviewed. To begin with, the conceptions of MES and
AES are introduced. Their shipboard power system and propulsion system are
introduced in particular. Next, a review is conducted on a list of electric ma-
chines that have been or have a potential to be applied in the marine propulsion
system. Among the list, the IM and PMSM will be discussed comprehensively in
this chapter, while the other types of machines like the stator-PM machine, the
brushless DC machine and the reluctance machines are briefly introduced. In the

end, the fundamental knowledge about electric machine drives is provided.

2.1 MES and AES

In this section, the literature about MES and AES are reviewed. The ship power
system is illustrated. Two modules, the propulsion module and deck machin-
ery module which carrying the electric machine and its drives, are presented in
particular.

2.1.1 Shipboard Power System

Many SPS schematics have been proposed to develop MES or AES [12]. In a
general SPS, the following modules are included [16].

e Power generation module (PGM)

10
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e Energy storage module (ESM)

e Power conversion module (PCM)
e Electric propulsion module (EPM)
e Loads (vital/non-vital)

On the MES, the diesel engines or gas turbines are applied to power the main
propeller while also as the prime mover to generate power for the electrical loads
on board. On the AES, the diesel engines or gas turbines are introduced only as
the generator prime mover [17]. The SPS on an AES is designed to supply power
for all the loads on board. The electric propulsion system will consume most of
the power. In some particular applications, such as in the warships, weaponry
systems can also be energy consuming [18].

To ensure the power supply for various type of loads, a particular power man-
agement procedure is necessary. A method to achieve optimized coordination
between the power generation module and the energy storage module is discussed
by Seenumani et al. in [12,19].

Many research has been made on the AES power system optimization. The
configuration [20] and construction [5] of the SPS are introduced. In [21], the focus
is on the limitation of the greenhouse gas emissions with dynamic programming.
The power factor is another appealing angle for the optimization. It is estimated
in [22] that the overall efficiency of the generators increase from 91% to 93.5%
with the power factor changed from 0.8 p.f to 1.0 p.f. The power factor correction
(PFC) is applied to the ship board generators in [23].

Lastly, the electric propulsion module (EPM) is the subject of this thesis.
Many characteristics of the SPS are shared when the EPM is discussed. For
example, both long time horizons and transient performances are concerned. Their

robustness and economic are also fundamental concerns.

2.1.2 Electric Propulsion Module

It is estimated that the efficiency for the electric propulsion system is around 95%
while the optimal efficiency for a traditional one is about 85% to 90% [24]. For
lower torque working conditions, the efficiency contrast is sharper. In an AES,
the propulsion system is as an electirc load on board, the number of prime movers
is reduced, the system flexibility is improved and the fuel consumption is further
reduced. [25].
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Advantages of Electric Propulsion

With the electric propulsion system, the thermal engine is allowed to work under
more efficient speeds. As a result, the fuel consumption is reduced. Besides, the
vibration and noise are minimized, which leads to a more comfortable environment
for the crew.

In addition, the dynamic performance for the electric propulsion is superior.
In motor starting, arresting or speed variation conditions, they can provide more
robust and fast response to fit the special requirements that tradition propulsion
system cannot comply [17].

Next, an electric machine creates a possibility of more flexible accommoda-
tions. For example, they can be installed with a short shaft or in the podded
propellers. Therefore, their efficiency and maneuverability are improved. This
feature will be further discussed Section 2.1.2 about the propulsion system struc-
ture.

Lastly, the automated control requires less crew. Human resource cost is

reduced.

Electric Propulsion Applications

Acknowledging the advantages of the electric propulsion system, it is legitimate
to estimate that most of the traditional propulsion system in the future will be
replaced with an electric one. However, it will be a gradual process with the
constraints of the cost and technology development.

The implementation will be various, depending on marine applications. The
major categories are ocean-going, station keeping, ice-breaking [24] and naval [25].

Ocean-going refers to the application of the electrical main propellers on the
vessels. In current designs, the power rating for the main duel propellers is up
to 20-25 MW each [26]. Traditionally, synchronous motors are applied. Asyn-
chronous machines are also introduced in recent years.

Station keeping is another challenging subject. Its objective is to maintain
the vessel position during operations on the ocean surface. In that condition, the
propeller is tuned to provide high torque under an extremely low speed [27]. For
example, a marine riser is used for transportation of oil or gas from the seabed to
the ocean surface. The disturbances to station keeping consists of wind, wave, and
ocean current [28,29]. This technique is also referred to as dynamic positioning

(DP). Other applications of DP are oceanographic research vessels, cable layer
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ships, and cruise ships [30].

Ice-breaking requires the electric machines to work in a over-torque operations.
Since the 1990s, podded propellers are introduced to the icebreakers, who have a
360-degree steerable angle. That makes it possible to shift its course in the critical
condition near the northern polar regions.

The electric propulsion system on a naval ship is another research orientation.
Adapting to the electric system considerably increases the flexibility and the sur-
vivability of the ship. Next, in naval applications the requirments are higher on
the stealth and noise reduction. In the end, the robustness and lower maintenance
cost for the EPS are both excellent characters for the naval ships [25,31].

Propulsion System Structures

In contrast to the traditional mechanical propulsion system, the electrical one
finally free itself from the mass amount of gear and the strict shaft installation
restrictions. The improvements on the flexibility are observed in the “in-hull” and
the “podded propulsion” structures.

The first structure is the “in-hull” propulsion shaft which is similar to the
traditional mechanical system. In such structure, a shaft is placed in the hull of
the ship. The direction control is still achieved by a rudder. The improvement
for this structure is in the reduction on the shaft length, and the motor is placed
closer to the propeller [25].

Another novel structure is the “podded propulsion” system, in which both the
machine and propeller are integrated in a pod and placed beneath the water. As
a result, the propeller can rotate horizontally. In some contemporary designs by
Rolls-Royce and ABB, a podded propeller can rotate 360 ° ( Figure 2.1 ). In that
case, the propeller also plays the role of the rudder. The ship maneuverability is
greatly improved. In addition, the podded structure reduces the volume and the

weight of the motor cooling system.

2.1.3 Winches and Deck Machinery

Except for the propulsion system, the winches and the deck machinery are the
most common modules that involve electirc machines on the civil ships. A winch
is a machine that designed for lifting or pulling the heavy objects with a rope or
a chain. It has a wide range of operations. For example, in some heavy lifting

works of anchoring, cargo lifting, and mooring winches, their controller design
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(a) “Mermaid” podded propulsors from Rolls-Royce [32]

R
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>

(b) “Azipod” from ABB [33]

Figure 2.1: Podded propulsion system

is straightforward since the efficiency is the only concern [34]. A typical anchor
handling and towing winch is shown in Figure 2.2.

On other applications, the machine control is more important. For example,
in [36], the winch is designed for a submarine cable laying operation, the tension
on the cable must be controlled within a particular range. A fuzzy control logic is
applied for tension control. When the rope has an angle with the winch drum, the
force on winch motor shaft will be stressed and unbalanced. In [37], the current

signature in such conditions are analyzed.
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Figure 2.2: Anchor handling and towing winch by Rolls-Royce [35]

The winch controller design also influenced by large parameter variations. The
machine moment of inertia and the torque radius change with the varying amount
of the chain or the rope on the drum. In that case, the winch controller parameters

require consistantly adjustments.

2.2 Induction Machines

Both IMs and PMSMs are commonly applied to the EPS and the deck machineries.
Their detailed reviews are made in Section 2.2 and Section 2.3.

The history of the IM is very long. It was invented by Galileo Ferraris and
Nikola Tesla dated back in 1887 [38]. It has always been a strong candidate for
the propulsion system machine after the idea of MES or AES was proposed [39].

2.2.1 Industrial Applications for IM

The industrial IMs are highly commercialized and economic friendly. It is estimat-
ed that almost two-thirds of all the power that has been generated is consumed
by the IMs [40]. For marine applications, the technology regarding on the IM,
the wound field synchronous machine and the commutator machines are mature

enough, while for the other types it is under development [40].
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The cost is one of the reasons that IM is preferred by the industry. Such a
character is the outcome of its sample and robust structure. Both the rotor and
stator of an IM are built of magnetically permeable materials in thin layers and
piled up. There are slots to contain conductors. For current applications, most
of the IM rotor is with a structure called “squirrel-cage rotor”, in which there are
no windings but magnetically permeable material bars aligned along auniformly

space (Figure 2.3). It is originally called the “bar-winding-rotor” [41].

Figure 2.3: Cutway diagram of “squirrel-cage” rotor [42]

The doubly fed induction machine (DFIM) has a rotor winding that is also
connected to a converter. The connection is realized with a multi-phase slip ring
with brushes. In that case, the rotor frequency is no longer bounded with the
stator frequency. In this approach, the DFIG is very suitable for the machine
on wind farms, which would require a vast range of operation speeds [43-45].
Similarly, it also well-suited as the generator in the marine applications, which
is generally installed on the propeller shaft, the rotor speed changes while the
output frequency is required to be constant.

Due to the limited performance in low speed (starting up) or high speed with
a heavy load, the conventional marine combustion engines have been installed
with an electrically assisted turbocharger (EAT) to increase the torque during
the startup and regenerate excessive energy in high-speed [46]. The IM is proved
to fit the requirements for an EAT [47].
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2.2.2 Mathematical Model of the Induction Machine

The three-phase induction motor model is greatly simplified through the coordi-
nate transformation. Supportive introduction about the reference frame transfor-
mation will be included in Section 2.5.1. For the IM model in this section, the
a — b — c reference frame is transformed into an  — 8 frame. The mathematical

model of IM is written as Equation (2.1) [48].

% = Lf(isﬁwsa - isa¢sﬂ) - nTPTL

dlfl;a = —Rglsq + Usq

Web - _Ryinp + g (2.1)
% = TlsTrwsa + %stwsﬂ - %isa - Wis,B + gsﬁ

di;tﬁ = ﬁwsﬁ + %st%a - %isﬂw%a + %

where w is the rotor speed. mn, is the number of pole pairs, v is the rotor
flux linkage. R and L represents the resistance and the inductance respectively.
1 and u represents the current and the voltage respectively. The subscripts a 3
represents that the cooresponding value are in an « 3 reference frame, while the
subscripts s and r represents the stator and the rotor respectively. T, is the rotor
time constant, which is calculated as T, = é—:. o is the dispersion coefficient,

which is calculated with o =1 — LI:QZ,«'

Define system states as a vector X, the chosen variables are listed as,

X:[w Vsa w86 isa isﬁ]T (2‘2)

where the vectors represents the rotor speed, stator flux in o — § reference
frame, and stator current in o — 3 reference frame respectively

The input matrix U is as Equation (2.3).
U=[usa uspg Tr)* (2.3)

where u are the stator voltages in the a — 3 reference frame, T}, is the load

torque.
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Electric torque for this machine is calculated as Equation (2.4).

Te = np(is/ﬂ/)sa - isawsﬁ) (24)

In a less abstract approach, an induction motor system is described as three
coupled subsystems: the magnetic, the mechanical and the electrical system. The
relation between the three subsystems are shown in Figure 2.4. When the machine
is working as a motor, the input to the whole system is the three-phase voltage,
and it is the input of the electrical subsystem. The overall output 6 (Rotor angle)
is the output of the mechanical subsystem. The electrical and the mechanical
subsystem are coupled with the magnetic system. M\, presents the rotor flux
linkage. In addition, the mechanical subsystem impacts the electrical system with
the back electromotive force (EMF).

Ar
Magnetical
System _
'Y
Ar
| w
v . L 4
u l . 0
— . " Mechanical .

Electrical System

System

w

Figure 2.4: Subsystems of an induction motor

2.3 Permanent Magnet Synchronous Machines

The PMSMs are more expensive in contrast to the IM because the rare earth
materials. However, it has the advantage of a higher power and torque density,

and its performance under a low speed is more promising.

2.3.1 Structures for Rotor-PM Machine

The technologies regarding on the permanent magnet (PM) materials are develop-

ing rapidly in recent years. It has been introduced in many types of machines [49]
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and classified as the “rotor-PM machine” and the “stator-PM machine” depend-
ing on the PM location. The rotor-PM machine is the most famous structure.
It has broad applications on the marine propulsion, electric vehicles (EVs) and
hybrid EVs (HEVs). Generally speaking, there are three types of rotor-PM ma-
chines [50].

e Surface-mounted

e Inset

e Interior

The surface mounted and the interior are the two kinds that most widely
used. The difference between them lies in how the PM is placed inside the rotor.
Their differences in structure are shown in Figure 2.5. The circle in the figures
represents the rotor, while the boxes and arrows show the magnet and its flux
linkage flow, respectively. For the SPM, the magnets are located at the rotor
surface (Figure 2.5 (a)); for the IPM, the magnets are buried inside the rotor,
depending on its position, the type of IPM various (Figure 2.5 (b) and Figure 2.5
(¢)). The inset PMSM is similar to the SPM, while the magnets are buried
inside(Figure 2.5 (d))

olxlle

Figure 2.5: Rotor PM structures: (a) SPM; (b) IPM with radial magnetization;
(c) IPM with tangential magnetization; (d) Inset PMSM machine [38]

Resulting from their structures, the inductance for d and q axis (Ly and L)
in the SPM is equal while in the IPM they are not [51]. When the application
requiement is searching for the largest torque output of the same current, the
working conditions for the SPM and the IPM will be different. In SPM, the
stator armature current vector is 90° ahead the rotor flux. In the IPM the angle
is larger than 90°, and the machine is working under field weakening. From the

cost point of view, the most expensive part in the motors are the rare earth
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materials. It will cost about 40% more rare earth materials to build an SPM than

an comparable size IPM [52].

2.3.2 Mathematical Model of PMSM

As a synchronous machine, the rotation speed of the PMSM is locked with the
input current frequency. With no concern of the slip speed, the mathematical
model is less complicated than the IM. Equation (2.5) [53] is the mathematical
model of a PMSM. It is shown in a d — ¢ reference frame where d — axis is aligned
with the flux direction of the PM located in the rotor.

d: _ 1 R h .
dild = T,Vd Ldzd—i- Ly PWmlq

d 1 R

d; _ 1, _ R,  La L Apwm 2.5
dtta = T,V — T,%a — T,PYmld — T, (2:5)

Te = 1.5p[Xig + (Lg — Lq)iaiq)

where Ly and L, refers to the d and q axis inductions. R refers to the stator
resistance. ig and i, are the stator current of d and q axis. w,, is the motor
rotor mechanical speed in rad/s. A is the rotor flux linkage that generated by the
permanent magnet, its value usually remains constant and is only affected by the

saturation of magnetic materials. p is the machine pole pairs.

2.3.3 PMSM Parameter Measurement

The methods of measuring L4, Lg, Rs and A are shown in this section. A 7.7 kW
PMSM in the laboratory is applied for the test. The measurement results are

utilized for the research in Chapter 4 and Chapter 6.

Ly, Ly and Ry

In an IPM, the inductances L, Ly change with the rotor position. The measure-
ment of the inductance cannot be achieved when the machine is standing still. A
conventional technique to measure the Ly and L, is to draw a figure of the phase
to phase inductance L,; while manually rotate the rotor angle 8 from 0 to 27 in

electrical angle degrees [53]. The approximate curve of Lg, is drawn as Figure 2.6.
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Figure 2.6: Offline measurement of Ly and L,

The phase to phase results need to be divided by two before the real L, and

L, value in the mathematical model are calculated (Equation (2.6)).

L
L, - maxQ( ab)
2.
min(Lap) (2:6)
Ly= TS

The experiment of this test is performed on the 7.7 kW PMSM test rig (Spec-
ifications shown in Table 4.1). A Bode 100 vector network analyzer is applied to
measure the inductance. Figure 2.7 shows the wire connections with the Bode
100. The cables are lefted on the motor side since in the experiments, the pa-
rameters that applied to digital controllers should also count the resistance and
inductance of the cables.

The minimal and maximal value of the L, are logged. The reports generated
by the Bode 100 are shown in Figure 2.8. Figure 2.8a shows the minimal value
of Ly, while Figure 2.8b shows the maximal. The Ly, and Ry, are read from row
“Ls” and “Rs” (Marked with the red boxes). It is observed in Figure 2.8a and
Figure 2.8b that the resistance are almost the same. The final R, is calculated
with their average value. A 150 Hz injection source is applied in the test.

With the calculation method in Equation (2.6), the d — ¢ axis inductances are
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Figure 2.7: Bode 100 vector network analyzer

as Equation (2.7).

L, =2.606 mH
(2.7)
Ly =1.089 mH
Similarly, the phase stator resistance R is found as
Ry =0.176 Q (2.8)

Rotor Flux Linkage A

The rotor flux linkage A is generated by the permanent magnet. It will remain
constant in the normal working conditions. Its value is significant to the PMSM
drive design. There is a method that allows to measure A\ offline.

This method is based on the back EMF of the machine. A prime mover to
the PMSM is required. The prime mover can be either by hand or by another
machine. Disconnect the inverter and rotate the machine rotor, when the mo-
tor is accelerated, record the motor stator output voltage (back EMF) with an
oscilloscope. The experiment is carried on the same machine in Table 4.1. The
result is shown in Figure 2.9. Both the frequency and the amplitude of the back

EMEF are read on a screenshot from the oscilloscope. If the rotor speed is changed
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Figure 2.9: Experiment result on PMSM flux offline identification

greatly during the logging process, one should choose a short sampling period so
that the matching Vpeak—pear and Ty are logged.

In Figure 2.9, the Vpeqk—peak and Tg; are marked with the red arrowed lines.
The flux linkage A is identified with Equation (2.9).

VZDeak—peakTel
473

The unit of flux linkage Weber or Wb can be expressed in many approaches.

A= = 0.19735 wb (2.9)

There are Tesla-square meter (T -m?), Volt-second (V - s) and Joules per Ampere
(J/A).

2.4 Novel Machine Structures

In addition to the IM and the PMSM, many novel machine structures have been
proposed. However, due to the economic or robustness reasons, they have not
been introduced to marine applications yet. The stator-pm machine, the brushless
DC machine (BLDC) and the reluctance machines are briefly introduced in this

section.
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2.4.1 Stator-PM Machine

The history of the stator-PM machine is dated back to 1955 [54]. Three modern
typologies for the stator-PM machine are popular at present. They are doubly
salient PM (DSPM), flux reversal PM (FRPM) and flux-switching PM (FSPM)
[55].

DSPM is based on the switched reluctance machine with a PM on the stator
side [56]. For FRPM, the PM is mounted on the end of the stator windings.
Similar to the rotor PM case, the FRPM has a surface mounted PM or an inset
PM depends on the direction of PM placed [57]. As its phases are naturally
isolated, the fault tolerance for the FRPM is excellent [58]. The stator of a
FSPM consists of “U-shaped” magnetic cores with opposite flux directions, the
coil is made in a concentrated technique and forms a sandwich structure with the
magnets [59]. One advantage of the FSPM is that its phase EMF are naturally

sinusoidal [60].

2.4.2 Brushless DC Machine

A PMSM is considered as a brushless AC (BLAC) machine in some literature.
The operation of a PMSM requires PWM inverter drives. However, it is difficult
for high frequency semiconductors to achieve power ratings as high as 10 MW [61].
In that case, the brushless DC (BLDC) machine is introduced as an alternative
choice. The structure of a BLDC is shown in Figure 2.10. Similar with the PMSM,
it has permanent magnets as the rotor and windings as the stator.

The brushed motors require a mechanical device called the “commutator” to
change the current polarity with the rotor rotation. It brings many disadvantages
like friction, voltage drop, fire hazard, and noise [63]. With the development of
electronic devices, the mechanical commutator is replaced with a servo system
that detects machine angle and switches current direction correspondingly [64].

Both the driven current and the back EMF readings for the PMSM are si-
nusoidal. For BLDC the signals are trapezoidal shaped pulses. The drive for a
BLDC machine does not require a fully-fledged PWM inverter, in that case, the
total cost is reduced. In addition, some high frequency harmonics introduced by
the PWM switching are prevented.

There are also drawbacks with the BLDC machines. The most significant
one is the torque ripple that injected by the phase current commutations [65, 66].

Many approaches have been made to reduce the torque ripple. On the machine
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Figure 2.10: BLDC with star connection [62]

design, the connecting wire between the slot windings is considered in [67]. From
the controller perspective, the direct torque control (DTC) method [68,69] have
been introduced. Additionally, several works that emphasize the optimization of

the reference current signal is reported in [70,71].

2.4.3 Reluctance Machines

Statistics data shows that about 90% of machines are applied in low power con-
ditions [72], in which area the reluctance machine have a promising performance.
The reluctance machine has no windings on the rotor. Its torque is generated
by the phenomenon of magnetic reluctance. The switched reluctance motor (S-
RM) and the synchronous reluctance machine(SyncRel) are widely used types of
reluctance machines.

For SRM, the power is delivered to the stator rather than the rotor. In this
approach, the design in the mechanical part is greatly simplified, which leads to a
lower cost. On the contrary, the electrical design is more complicated. The torque
ripple becomes a severe problem when the machine is running in a low speed [73].

The SyncRel is proposed as an ideal replacement for the IM [74] and the
PMSM [75]. Its torque density is higher than the IM with lower cost, also it is

more efficient since the rotor loss is theoretically zero [76].
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2.5 Fundamental Drive for Electric Machines

The fundamentals of electric machine drives are illustrated in this section. To
begin with, the reference frame transformation procedures are shown. Next, t-
wo popular machine control algorithms, field-oriented control (FOC) and direct

torque control (DTC) are introduced.

2.5.1 Reference Frame Transformation

The direct-quadrature-zero (DQO0) reference frame transformation is common in
electrical engineering, the concept of changing the rotation three-phase AC signal
to a DC one greatly simplified the calculation. Reference frame transformation
applies to both IM and PMSM drives.

The DQO reference frame transform is a product of the Clarke and Park trans-
form. The Clarke transform changes the three-phase signal into two phases, and
the remain frame stand still, it is proposed by Edith Clarke [77]. The Park trans-
formation, on the other hand, introduces an additional angle # to the frame, shows
the angle between the Park reference frame and the stand-still. With an increas-
ing 6, the rotating reference frame is achieved. If 6 is appropriately selected, the
three-phase AC signals are turned into two-phase DC signals, which provides more
intuitive approach to the researchers. The Park transformation was proposed by
Robert Park in 1929 [78].

In the industrial applications, there are two types of DQO reference frame
transforms, which are the power-invariant form and the power-variant form. D-
ifferent refernece frames lead to different definitions of d — ¢ signals and further

changes the corresponding torque equations.

Power-invariant Form

The idea behind the power-invariant form is described with Equation (2.10). In
which, the i and u are the current and voltage vectors, i and u’ are the transfor-
mation results. It is shown in equation (2.10), the i and u are vectors, the T in
iT stands for matrix transpose. The calculated powers are preserved before and

after the transformation.

P=iTu=4dT4 (2.10)
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The abc — dq transformation is as Equation (2.11) [79].

Ta
Zq 2 cosf cos (0 —2m/3) cos (0 —47m/3)
=1/3 o | (211)
Zq —sinf —sin(0 —27/3) —sin (0 —47/3)
Le

In Equation (2.11), the meaning of x various. It can be the current, the
voltage or the flux linkage. 6 presents the misalignment between the a-axis in the
abc reference frame and the d-axis in dg reference frame. In the electric machine
background, if the 6 angle is set exactly aligned with the rotor flux linkage vector,
the decoupled d-axis vectors x4 will contribute to the flux, while the g-axis vectors
x4 will be perpendicular to the rotor flux, which means the useful current vector
who generates the electric torque.

Similarly, the reversed frame transformation is also required in the control
process, that is after the output x4 and z, are calculated through the controller,
it needs to be transformed to the abc reference frame and sent to the machine,

the dg — abc transformation is shown in Equation (2.12) [79].

Tq cosf —sinf
2 Ld
zp | =\/3 | cos(0—2m/3)  —sin(f—27/3) (2.12)
Lq
Ze cos (0 —4m/3) —sin (0 — 47/3)

Take the IM as an example, with the i4s and the flux ® from the power-

invariant frame transformation, the electric torque equation is written as
L
T, = an—mz'qs@ (2.13)
T
In a PMSM, the torque equation is

T. =ny, (@miq + (Lg — Lq) idiq) (2.14)
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Power-variant Form

The power variant form transformation is also called a magnitude invariant form
in some literature. As shown in Equation (2.15), the system D-axis vector is

defined to share a same direction and a same magnitude with the A-axis.

Tg = Zq (2.15)

The abc — dg transformation in power-variant form is shown as Equation
(2.16) [79].

Lq,
Zq 9 cosf cos (0 —2m/3) cos (0 —4n/3)
Zq —sinf —sin (0 — 27/3) —sin (0 — 47/3)

T

The definition of  and # in Equation (2.16) remain consistent with Equation
(2.11). The difference lies in the coefficient \/g before the matrix.

In a per-unit system where the i; and u; are defined by the magnitude of the
phase voltage and current, the same coefficient \/g is also employed to convert
the actual value to a per-unit value. It is applied here because one may consider
the power variant system as a per unit system with the phase voltage and current
as the base.

The reversed frame transformation is shown in Equation (2.17) [79].

Tq cos —sinf
T4

xp | = | cos(0—2mw/3)  —sin(0 —27/3) (2.17)
Lq

Ze cos (6 — 4m/3) —sin (0 — 47 /3)

The electric torque equation of an IM under the power-variant frame trans-

formation is written as

3 L.
T. = §an—’:qu<1> (2.18)
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As in PMSM, the torque equation is like

3 . .
T. = inp ((I)mzq + (Lg — Lq) zdzq) (2.19)

In the simulation model and the hardware experiment, power variant and
invariant transformations may mixed up. A common mistake is to apply wrong
equations for the torque calculation, the resulting differences are usually beyond

the controller’s capability to fix.

2.5.2 Field-Oriented Control

The field-oriented control (FOC) is developed based on the idea of reference frame
transformation. FOC is also called as the vector control in some literature. Al-
though there are other vectors are applied as well, the vector in FOC is generally
referred to the rotor flux vector.

A control method that suitable for the industrial standard must have superior
dynamic performance and the capability of being implemented on a digital pro-
cessor efficiently [79]. For the FOC, its implementation is simple and reliable as
long as the rotor flux direction is appropriately identified. Regarding how to find
the rotor flux direction, FOC is categoried as direct FOC (DFOC) and indirect
FOC (iFOC).

The dFOC finds the rotor flux with the stator current and voltage. The stator
flux is derived with Equation (2.20) [79].

N = / (? - RSZ) dt (2.20)

where the stator flux Ag is calculated with the stator voltage vs, the stator
current I, and the stator resistance Rj;.

Next, the rotor flux A, in the dq reference frame is found with Equation (2.21)
[79].

L, .
)\dr = 7 ()\ds - ULdes)

Lm (2.21)
)\Q’/‘ = LT ()\qs — O—Lsiqs)

where the \js and Ay are the stator flux decoupled into a dgq reference frame.

L, and Ly, are the rotor and mutual inductance respectively. o is the dispersion
Ly,

coefficient, which is calculated with o =1 — =7-.
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The problem with the DFOC is in the measurement of the stator voltage and
current. In industrial applications, the three-phase stator current measurement is
influenced by the sensor resolution and the signal transition latency. In addition,
the stator voltage is in PWM signal, whose accuracy is compromised when restored
to a continuous signal. The measurement error in both current and voltage will
be amplified by the integral calculations in the DFOC. As a result, the overall
performance of the DFOC is not reliable.

On the other hand, the indirect FOC (iFOC) obtains the rotor flux direction
through calculation of the slip speed. It works as a more accessible approach to
the industry.

The overall configurations of i-FOC for the IM and PMSM respectively are
shown in Figure 2.11 and Figure 2.12. A typical machine control consists of
a speed loop and a current loop. As discussed in Section 2.5.1, with a proper
decoupling of the d-q axis, the current vector i, that influences the generated
torque is controlled directly. In Figure 2.11, the speed loop has the rotor speed
as the reference value and the feedback. The output is either the torque reference
or the i, reference since those two have proportional relationships. On the other
hand, the iy4 reference is calculated based on the flux reference. The dynamic
between the rotor flux to iy is as Equation (2.22). As the flux reference is normally
constant in the whole control process, the dynamic can be simplified as Equation
(2.23). In some literature when the flux is not constant, an additional flux loop
is applied to generate a more accurate ¢4 reference.

1

A= s Dl (2.22)

i =¢"/Lm (2.23)

The current loop works as the inner loop of the speed loop. Its goal is to
maintain the current feedback tracking the reference. It should be noted that
the reference and feedback in the current loop are in dg frame. However, the
decoupling of dg current requires the slip angle which needs the current i, to find.
In that perspective, a dg misalignment may caused. Fortunately, the structure of
an IM is robust enough for a misalignment in a certain range. There will be a
comprehensive discussion on this issue in Chapter 5. For PMSM, the misalignment

is also possible due to the encoder failure or time delay in the sensorless control.
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Figure 2.11: System configuration of indirect FOC: IM [79]
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Figure 2.12: System configuration of indirect FOC: PMSM [53]
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2.5.3 Direct Torque Control

The direct torque control(DTC) focus on another expression of the electric torque
generated, expressed as Equation (2.24) [79].
3P L i
Te = 70‘L7:nljr)\5)\r S 9’1" (224)
where 07 represents the angle between As and A,. In Equation (2.24), vector

%
s is related to the stator voltage vector v2 as

%

-
SAg = U—S>_Rszs

(2.25)
Equation (2.25) shows that the magnitude and angle of )\—Z is adjustable through
stator voltage vector EZ, who is the output of the inverter that connected to the
IM.
Take a typical two-level VSI fed IM drive as an example. The voltage vectors
are divided into six sectors, labeled from I to VI, the voltage vectors are as u
to vg. Note the time interval for single voltage vector as At. The influence of a

voltage vector on the individual time interval is shown as Equation (2.26).

N =+ VoA (2.26)

On the other hand, the change of )\—; is much slower than )\_; Thus, )T: is
considered as constant during At. Selecting an appropriate voltage vector controls
)\_; and 67 means the torque is directly controlled.

The DTC have both advantages and disadvantages compared to the FOC [80].
Generally, the DTC scheme is simple. No field orientation is required means the
installation of an encoder is not compulsory. Additionally, the stator current
control is not required. At the same time, the torque response of the DTC is
better than the FOC when the encoder is not available. On the contrary, FOC
has better accuracy in both the torque and speed responses with the help of an

encoder.
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2.6 Summary

In this chapter, the background knowledge about the electric ship and on-deck
electric machines are reviewed.

More electric ship and all electric ship are the trends for the ship development.
In recent years, the technology about electric ships has been developing rapidly
in both civil and military domains.

General electric ships would carry a shipboard power system and propellers
powered by electric machines. The electric propulsion system has many advan-
tages like efficiency, flexibility, and safety.

The core component for the electric propulsion system and the deck machinery
module are the electric machines. In this chapter, IMs and PMSMs are compre-
hensively introduced. They are two of the most popular types of machines in the
marine application. In addition, the research in this thesis is based on these two
types.

In the last section, the fundamental knowledge about the electric machine
drive is provided. The reference frame transformation methods are introduced as
the foundation of machine drives. Next, the configuration of two common control
algorithms, FOC and DTC, are shown.

The following chapters, Chapter 3 to Chapters 6 are focused on solving the
present challenges of electric machines in marine applications. The optimal reset
control is applied in Chapter 3 to improve the dynamic response. The equation

deduction processes are shown, the simulation and hardware results are presented.



Chapter 3
Optimal Reset Controller

This chapter focuses on the dynamic response for marine electric machines. Com-
plexity is a dominant feature of the maritime environment, which result from
varying conditions of ocean currents, waves and wind [27]. Driven by the same
factors, higher accuracy in speed reference trajectory tracking is always preferred.

To begin with, the background is reviewed for the present electric machine
speed controller. Next, a novel control algorithm named the optimal reset con-
troller (ORC) is introduced to improve trajectory tracking. This method is applied
to the speed loop control of electric machines. The simulation results are shown.
Then hardware in the loop (HIL) test and hardware test on a 15 kW induction

machine (IM) are investigated.

Table 3.1: Comparison of simulation, HIL and hardware test

Method (Section No.) | Controller Plant

Simulation (3.4) | SIMULINK (PC) SIMULINK (PC)
HIL test (3.5) | DSP Opal-RT
Hardware test (3.6) | DSP 3-phase inverter and 15 kW motor

A comparison between simulation, HIL test, and hardware test is made in
Table 3.1. For all the tests there are controller and plant. In the simulation,
both are modeled and run on software platform like PC. On the other hand, in
HIL test, the plant (i.e., motor and inverter) is modeled with an OP5600 Opal-
RT real-time digital simulator, while the controller uses a digital signal processor

(DSP). “Real-time” in this context refers to the communication between DSP

35
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and Opal-RT are synchronized in real clock time. HIL can perform more realistic
simulation in this approach. The main body of the code in a HIL test can be
applied to the hardware test without any further modification. In the hardware
test, a 15 kW IM controlled with SEMIKORN inverter is applied.

3.1 Industrial Machine Speed Drives

In industrial applications, proportional plus integral (PI) controllers are widely
used due to their straightforward operation [81]. In addition, much effort has been
spent on finding the optimal PI gain. Mostly, the approach requires knowledge
of the mathematical model of the working condition of the controller plant [82].
Swarm optimization [83] and artificial neural networks [84] have been introduced
to make a self-tuning PI algorithm. For model-based tuning methods, the major
drawback is that these methods may become less reliable when the machine pa-
rameters are uncertain. Based on that concept, model-free methods are developed
later. In [85-87], a self-tuning fuzzy algorithm is applied to the control strategy
of various types of motors. Advanced methods inevitably lack the PI controller’s
straightforward operation, thus strengthening the foundation of the PI controller
in industrial applications. Beside the model parameter variations, the sensor out-
put as the feedback signal is also important to the controller performance. A
method to counter sensor fail of the IM is proposed in [88].

When applied to electric machines, a typical control system scheme is a cas-
caded dual-loop PI controller based on vector control or field oriented control
(FOC) [89]. the scheme for an IM is shown in Figure. 2.11 and PMSM in Figure.
2.12. For the outer loop (speed loop), many advanced control algorithms have
been applied. Sliding-mode control (SMC) is applied to improve the system ro-
bustness and accommodate system uncertainties [90-92]. An optimal controller is
applied for the IM FOC scheme in [93]. Additionally, an optimal law is employed
to find the largest stability region for a reduced-order observer in [94]. Further-
more, the model reference adaptive system (MRAS) observer-based method is

implemented in [95-97]. Its stability and dynamic performance have been proven.

3.2 Optimal Reset Controller

In both traditional PI control schemes and linear advanced control algorithms, a

tradeoff between the response speed and overshoot is unavoidable, as it is rooted in



CHAPTER 3. OPTIMAL RESET CONTROLLER 37

the nature of the controller. To overcome this limitation of linear controllers [98],
the concept of the reset controller has been proposed [99,100] and developed [101].
In the reset controller, the states are reset to a certain value at a particular time
to obtain a control result that is not viable in the linear controller. The stability
analysis was carried out in later publications [102,103]. In contrast to the other
nonlinear control strategies (e.g., sliding mode control, relay control), the control
law for reset control is consistent on both sides of the switching surface [104].
In other words, the reset controller works as a linear system with continuously
updated state information. The advantages of the reset controller are presented
in [105], and the improvement is shown with an elementary example.

Many continuous works have been carried out on the conventional reset con-
troller. The stability analyses of conventional reset controller and first-order reset
element (FORE) are given in [106]. In [107], a reset controller with fixed reset
step is investigated and implemented to a networked control system. The reset
value is calculated to minimize the quadratic performance index on the signal
error. A later paper [108] focuses on finding the tuning method of the reset pa-
rameters. The stability of the reset time-dependent control system is discussed
in [109]. When the base control system cannot achieve its best performance with-
out reset controller, the system stability analysis becomes a time-varying discrete
time problem, whose reset time must set in a bounded interval. In [110], the re-
set controller has been introduced into multi-input multi-output (MIMO) system.
Besides, a method of manual reset is introduced to air-conditioning control system
in [111].

The ORC was first proposed in [112]. The maintains constant reset intervals,
which is different from the traditional reset controllers. An optimal operation
strategy would suggest that for each time interval, the reset state be calculated
based on a certain performance index to ensure the optimized controller output.
In a later work [113], the performance index is expanded to the whole time in-
terval instead of only the following one in [112]. It is proven that the system is
asymptotically stable with the designed reset law. In [112] and [113], an ORC is
applied to the track-seeking process in a hard disk drive (HDD), and the dynamic
performance is significantly improved. In [114,115], where the reset law is applied
to a discrete time solution, an ORC is introduced to a dual-stage HDD drive.
In [116], an ORC is further applied to the current loop control of PMSMs, and

the uncertainty estimation issue is illustrated in particular.
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3.3 Optimal Reset Law Design

The method of implementing ORC to electric machine speed control is introduced
in this section. The system model is shown in Figure. 3.1. Here, w, represents
the machine rotor speed feedback, while w is the rotor speed reference, the error
between them would be the input of the speed controller. The output of the
speed controller is electrical torque reference 7). As the current loop bandwidth
is much larger than the speed loop bandwidth, the difference between T, and T
is ignored. The machine model is written as ﬁ. Ty, represents the load torque,

which is considered as the disturbance in this case.

T

W ) €, ORC Te* ) Current Te U 1 w‘"
loop Js+ B
w
r state: z state: x

Figure 3.1: Configuration of ORL for electric machines

The “ORC” box in Figure. 3.1 is the optimal reset controller, which consists
of a base linear controller (PI controller) and an optimal reset law. The equation
for the ORC is designed as Equation (3.1).

Z=ey t # iy
2(tY) = prlz,r) t=ty (3.1)
u = kiz + kpe

where k, and k; are the PI controller parameters and py, or the reset law, is
defined as

o = —K (x (tx) — zp) + 2 (3.2)

Equations (3.1) and (3.2) describe the structure of a optimal reset law. ¢ (k =
1,2,3,...) here refers a time series with equal intervals. When ¢ equals to tg, z
is reset to an optimal value according to the reset law, otherwise the controller

output follows the base linear controller. r in the subscript refers the to steady-
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state value of the cooresponding parameters x and z.

Industrial implemention of the ORC is concluded in the following procedure.
Firstly, take the PI controller parameters k, and k; designed for a particular
controller and introduce them as the base liner controller. Next, calculate the
parameters for the optimal reset law (Equation (3.2)). In particular, the optimal
parameter K, the steady-state value z, and the cost function weight Q and R
are the parameters to identify. Lastly, the ORC in a form of Equation (3.1) is
introduced as the speed controller replacing the original PI controller.

The methods of identifying the essential parameters are discussed in Section
3.3.1 to Section 3.3.4, with a more specific example given in Section 3.6. The
effectiveness of ORC is proved through simulations (Section 3.4) and experiments
(Section 3.6).

3.3.1 Base System £k, and k;

The conventional design of PI parameters in the electrical machine speed loop
depends on the machine mechanical parameters. The design should be robust
while drawing a compromise between the dynamic response and overshoot. Due
to the existence of the reset controller, the requirements for designing the base
linear system with PI parameters are less strict than in other cases. There are
several points that need to be highlighted.

First, a more aggressive setting of k, and k; is suggested. With the help of the
reset controller, the benefit of dynamic performance is kept while the overshoot
is eliminated.

Second, in the definition of the reset law, the controller output v in Fig. 3.1
is the electric torque. However, if the g-axis current is chosen as output, an
additional gain k, is multiplied to k,. For the IM and PMSM, the gains are
(3.4)and (3.6), respectively.

For IM,
3 L.
T. = ian—Tzqsfb (3.3)
3 L
kg ian—:’:‘@ (3.4)
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As in PMSM, the torque equation is like

3 . ..

T, = inp (Ppiq + (La — Lg) iqiq) (3.5)
3

ky = 5@ (3.6)

Here, (Lq — Lg)igiq is relatively small.

Third, during the reset law design, the PI controller parameters are put in
a continuous form. In this approach, the value of k;k, is influenced. However,
in hardware implementation, k; should be transferred to the discrete time form
depending on the time intervals.

The basic idea behind the above-stated three points is to ensure that the

optimal law design is aligned with the base controller.

3.3.2 Optimal Parameter K

The optimal problem is solved as a standard LQR problem. The optimal law
parameter K is found by solving the Riccati equation in an LQR problem.
First, the state-space model for the speed loop transfer function is presented

as

T=—5x+ 5u
I (3.7)

y=x

A new system is rewritten as Equation (3.8), which is a combination of Equa-
tion (3.7) and Equation (3.1).

&
8
=

d| = A
a _ 3.8
7 + r (3.8)

z —1

[en}
N
—_

As shown in Figure. 3.1, x and z represents to the state of the speed loop
plant and the reset controller respectively. The system matrices A and B are

defined as Equation (3.8) to set up a general form of the LQR problem.

_B_k Kk k
A= 7 .= " (3.9)
1 0 1
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Next, a coordinate transform is applied. Compare = and z to their reference

values z, and z, to enable (, and (, to be found, respectively.

Cz =1 —

(3.10)
CG=2—2
Ca
Define ( =
C
Equation (3.8) is transferred into
C=AC  t#bk
(3.11)

Cz(tz):ﬁ =1

where px = pr — 2.
A cost function is defined as Equation (3.12). The purpose for optimization
is to find an optimal value of K, which will lead to a minimal value of J; within

a single reset interval ¢ to tx41.

lkt1

e = f [eg (5) Qrew (5) + (u(s) — u) Ry, (u(s) — uy) | ds (3.12)

tg

According to the coordinate transformation, the following equations are achieved.

ew = —Cz
u= Kpe, + K;z (3.13)
U— Upr = _KpCa: + KZCZ

Substituting Equation (3.13) into Equation (3.12), The performance index of



CHAPTER 3. OPTIMAL RESET CONTROLLER 42

single reset interval is acquired.

tr41
_ T
- f T (5)QuCe(5) -
+ (_Kpr + KiCz)TRk(_KpC:c + KZ‘CZ)]dS
Define
€ (ter) = e e () (3.15)
O = A/?k eATAt’“leAAtkds (3.16)
0
Qi+ (—Kp)' R (-Kp) (—Kp)" RpKi
O = (3.17)

(-Kp)T' R, K KiTR,Ki

where e is the base of the natural logarithm, the cost function Equation (3.14)

is rewrite as
T
P IR P R 0)

S (1) C (1)

(3.18)

In the infinite time case, the cost function J(co) is the sum up of Jj in all
time intervals. The goal of optimization is to design the control sequence p;
to minimize the performance index of J(c0), while the system is asymptotically
stable Additionally, Q; and Rj are the cost function weights, whose design will
be discussed in Section 3.3.4. () is a constant that is calculated with Qp, R
and some system parameters. Thus, the value of Oy is constant throughout the
whole process, and its subscript k£ can be removed O, = 0, £k = 0,1,..., N — 1.
In addition, as px = px — zr and (, = z — z.. The quadratic performance index
becomes Equation (3.19). The controller goal is to design a control sequency p,
k=0,1,...., N — 1 so that Equation (3.19) is minimized.

i (gx )" ) of & (3.19)

k=0 D

The next step is finding the optimal parameter K through the Riccati equa-

tions so that J (co) in the cost function Equation (3.19) is minimized.
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Calculate the value of eA2% and define T'4 and I'p as in Equation (3.20).

ry I'p
eABl — (3.20)
* *
) T
Additionally, © is defined as © = ,
TR
Calculate 'y and Q with
Cp=T4—-TpRITT (3.21)
Q=Q-TR'TT (3.22)

S is the solution of Riccati Equation (3.23).
S=Q+ %8I, — ThST (T ST + R) ' T" ST (3.23)

K is calculated with Equation (3.24) substituting the solution of S in Equation
(3.23) .
K = (TgTSTp+R) " (T5TST4+T7) (3.24)

The minimum value of the quadratic performance index is given as
J* (00) = (2 (0) — z,)" S (z (0) — ) (3.25)

3.3.3 Steady State z,

In the PI controller, the integral state value works as feedback to the system
disturbances. To properly implement the reset law to the integral state, com-
pensation needs to be made for the potential disturbances. Taking the electric
machine speed loop controller as an example (see Fig. 3.1), the major disturbance
to the system is expected to be the load torque (77,) and fraction (fraction factor
B multiplies by the rotor mechanical speed w,). Considering the steady state,

when w! = w,, the state is z = z,. In addition, z, is found as Equation (3.26).

N BJIT +TL

T 3.26
= (3.20)

In Equation (3.26), load torque 77, need to be found with a simple observer
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based on Equation (3.27). The observer is connected to a low pass filter in the
hardware test.

T, =1, — Bw — Jd—w (3.27)

dt

In [116], the observer applied for the current controller is discussed thoroughly.

As the major disturbance in the current loop is the coupling between the d-q

components, control success depends relatively strongly on the observer. In the

speed loop control, the disturbance changes at a slower rate. In hardware tests, a

lowpass filter (LPF) is necessary against noise in the sensors. Here, an LPF with

a cutoff frequency of w, = 2.5 rad/s is applied. It is proven in the experimental

results that the load torque observer design with Equation (3.27) is sufficient.

3.3.4 Cost Function Weight Q and R

The cost function is defined in Equation (3.12). In the cost function, the controller
error and input are the two factors set for Linear-quadratic tracker. @y is the
weight for error e and Ry, is the weight for input signal u. The selection of @) and
R will influence the calculated optimal law gain K in Equation (3.2). Regarding
the physical meaning, () represents how important the system error is to the final
result, while R represents a weighting to apply as little energy as possible to
achieve the control result. As weight factors, the absolute values of @) and R are
not important. It is their ratio % that matters. A series of % values are sent to
calculate the offline reset law parameter, and the results are compared in Fig. 3.2.

For the speed loop control, the trajectory tracking error is much more impor-
tant than the energy. In Fig. 3.2, the optimal gain K is shown. It is calculated
with % in the range of 20 to 50. The result shows that reset law gain K is linear
to %. Additionally, the results with Q = 10 and ¢ = 100 as base values are
calculated. The result shows that the Q = 10 and @) = 100 curves overlap, which
means that the value of () does not impact the reset law gain.

In the hardware tests, R = 0.03 x ) is selected as the cost function weight

ratio.
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Optimal law gain K

1 \ 1 . 1 . 1 . 1 . 1 .
20 25 30 35 40 45 50

Cost function weight ratio Q/R

Figure 3.2: Calculation result of different Q-R ratio

3.4 Simulation Results

A simulation is carried out with Matlab Simulink. For comparison to hardware
results in later section, the model uses the matching parameters with the 15 kW
IM test rig. The motor parameters are presented in Table 3.2.

In the simulation, the test is carried out on both traditional PI controller and
the ORC.The PI parameters for the traditional PI controller has been calculated
with the machine mechanical parameters, with the damping ratio £ = 0.707 and
the natural frequency w, = 10 rad/s, k, = 1.96 and k; = 14.00. The motor
reference speed is set to 600 rpm with an acceleration ramp of 600 rpm/s. Load
torque of 10 Nm is added after the rotor speed is stabilized. In that case, the
controller performance in sudden load change is tested.

The speed tracking performance for both controllers are compared in Fig-

ure 3.3a and Figure 3.3b. The following observations are made.

e The error between the reference and feedback speed for both conditions are
shown in Figure 3.3a and Figure 3.3b. For PI controller in Figure 3.3a, the
maximal error is about 40 rpm, while the same for ORC (Figure 3.3b) is

reduced to 20 rpm.
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Table 3.2: Specifications of the 15kW IM

Specifications Value
Rated power 15 kW
Stator voltage 415V
Stator current 28 A
Rotor resistance R, 0.2212 Q
Stator resistance R 0.2788 ©
Stator leakage inductance L;; 2.814 mH
Rotor leakage inductancel;.  3.719 mH
Mutual inductancelL,, 82.130 mH
Moment of inertia J 0.14 kg.m?
Friction factor B 0.01 N.m.s
Pairs of poles 2

e At t = 1s, when the shape turn is made on the reference, overshoot on
ORC feedback is removed immediately, showing the signature of a non-linear
controller. On the other hand, with PI controller, overshoot is eliminated

in a longer process.

o At t = 2.5s, load change of +10Nm is applied to both conditions. On PI
controller, the speed error induced by sudden load change is about 5 rpm.
On the ORC case, torque tracking is smooth, and the speed change induced
by load change is neglectable.

The torque curves are shown in Figure 3.4. The electric torque is the blue
curve, and the load torque is red. Nonlinear characteristic of ORC is observed at
both acceleration period (t =0 s to t = 1 s) and load change period (¢t = 2.5s) .
The electric torque response in Figure 3.4b is stabilized at around 45 Nm, while for
traditional PI controller in Figure 3.4a the electric torque is changing rapidly with
the system dynamic response. In sudden load change at ¢ = 2.5s, the difference
is more obvious. the electric torque is tracking the load torque for Figure 3.4b
while in Figure 3.4a a 50% overshoot (5 Nm) is observed.

In Section 3.5 and Section 3.6. Further experiment results of ORC are shown,
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Figure 3.3: ORC simulation results: speed tracking
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more remarks about ORC and its industrial applications will be established. For

each section, the introduction on both test rigs is given before the test results.
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3.5 Hardware in the Loop (HIL) Test

HIL test is widespread in industrial applications. In this section, its background

and hardware rig set up is shown. The performance of the ORC is further proved.

3.5.1 Introduction to HIL

The hardware in the loop (HIL) test rig is a practical tool to test motor con-
trollers. HIL test is widely used in other fields like automotive and aircraft indus-
tries. In power electronic system related tests, it has only been applied for the
past decade [117], OPAL-RT real-time simulators are considered more suitable
for power electronic HIL tests. For the power system area, Yunwei et al. in [118]
show a decent demonstration on applying real-time digital simulator (RTDS) to
a multibus microgrid system simulation.

In an HIL test, the hardware system and a software system are combined in
a closed loop. It is usually considered as a method between software simulation
(or software in the loop) and hardware test. In contrast to them, The advantages

and disadvantages of HIL are listed as follows.

e The HIL test can yield more information than the offline simulation. Many
disturbances in the analog to digital conversion, the encoder signal trans-
formation are hardly shown in offline simulations. With HIL test these
conditions will be considered, and researcher can gain more confidence in

the algorithm before it goes to hardware test.

e To test an algorithm on an HIL platform is safer, the system is capable
of reset any required moment without obliging to concern about hardware

damages.

e Some severe working conditions are very difficult or even impossible to test
on real motors. For example, to test a controller performance against re-
sistance variation, the traditional approach is to run the motor for a long
time to heat it up, which risks damaging the motor. In addition, it is not

suitable for multiple tests, and it is hard to define the parameter variation.

e HIL test runs in real time, i.e., the simulation clock follows the real clock.
The system state will update regardless the DSP ’s computation statues.

For complicated control algorithms, HIL can test the DSP capacity for the
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algorithm. Additionally, HIL can test the system behave when the controller

signal is not complete.

For a system of very high power, run a HIL test before full hardware test
is a valuable evaluation for the controller. In [119], A power hardware in the
loop (PHIL) test is made for a five-megawatt scale motor drives. In PHIL test,
the output signal from the simulator is amplified before it goes to the hardware
system.

The synchronous between hardware and software system is very important in
the HIL test. In [120], HIL test is introduced to power electronics systems. The
real-time digital simulator is applied to simulate a voltage source converter. The
synchronous issue is solved by applying a time average method.

HIL tests are also instrumental in grid size tests. A very large scale power
grid is tough to build in a laboratory environment. Instead, it is much easier to
make a model with HIL, which is flexible and its test conditions are very similar

to real working conditions [121].

3.5.2 HIL with Opal-RT Real-time Simulator

An OP5600 Opal-RT real-time digital simulator is applied in this project. This
real-time simulator is based on a PC/FPGA structure. The system setup is shown
in Figure 3.5. The HIL testing platform contains a real-time simulator, a target
PC, a TMS320F28335 DSP controller, and necessary interface circuits. The mod-
el running in a real-time simulator is coordinated with software called RT-Lab.
Model is downloaded to Opal-RT with Ethernet cable. After the simulation is
started, Opal-RT communicates directly with DSP, and PC only works as a mon-
itor to the system.

Take the motor control test for an example, the motors and inverters simula-
tion are based on the Simulink model. A model that is ready for compile looks
like Figure 3.9. The model needs to be modified with certain blocks provided
by RT-lab software. Normally, the add-on blocks are required by input/output
task, which is distinctive in HIL test in contrast to the software in the loop (SIL).
Occasionally, the original Simulink blocks need to be replaced with a simplified
one in order to save the calculation time. For example, the block marked with
“A” in a red circle in Figure 3.9 manage signals received or sent through one of
the hardware communication blocks. On the other hand, “B” in the red circle is a

simplified model of a 2-level inverter to enable the simulation running in real-time.
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“C” is the “OpComm” module, which enables the user inputs to the system while

the real-time simulation is on.

_ Opal-RT real-time simulator

Digital 10 voltage
Transceiver 3.3V to bV e
interface board

Analog output Signal
for Stator currents 1,15

Digital output for _
Encoder AB.Z signals ~

DSP-TMS320F28335

Digital input for ~ From Texas Instruments

PWM gate signals

DC power sources A Target PC

Figure 3.5: Opal-RT real-time simulator in laboratory

Because of the PC/FPGA structure of the OP 5600, the environment of the
DSP controller in an HIL test is comparable to the real motor tests. The interface
between Opal-RT and DSP controller is shown in Figure 3.6. Due to the different
voltage levels between the DSP controller and the simulator, voltage shifters of
5V to 3.3V are equipped. The ADC block here refers to the built-in ADC on
F28335 DSP.

The HIL test results of induction motor running in stepped speed reference
are shown in Figure 3.7 and Figure 3.8. They are plotted on the monitor PC
during simulation. In both figures, the upper subfigure is the rotor speed of the
motor in rpm, and the lower subfigure shows the three-phase current in Ampere.

In Figure 3.7, the motor speed response of a step reference signal is shown.
Standard PI controller is applied in this test. Overshoot is observed whenever
there is a sudden change to the speed reference.

In Figure 3.8 the zoom in view of constant speed at 600 rpm is shown. There
is a small flutter in the speed reading, and steady-state error is within 1 rpm. In
addition, three-phase voltage is not perfectly balanced. This error may be induced
by the offset error in analog to digital converter (ADC) of the stator current sensor.

This kind of error could not be observed in pure software simulation, but they
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»| 5V to 3.3V — )
»| ADC >
Opal-rt Analog output TMS320F28335
Inverter current DSP
phase A and phase B
Inverter and
Electrical motor Compiled with
model Controller program
Digital input

Six way PWM gate signals
3.3Vto 5V |«

y S

Figure 3.6: Opal-RT and DSP interface configuration

should not be ignored in a hardware test. An advantage of HIL is to value the

influences of this kind of error before real hardware tests.

3.5.3 HIL Test of the ORC

With the HIL test rig introduced in Section 3.5.2, the performance of the ORC is
tested in this section. ORC is coded with C and compiled into TI F28335 DSP,
the parameters of 15 kW Teco motor (Table 3.2) are applied on the hardware
plant model. The model compiled in Opal-RT simulator can be found in Figure
3.9.

For the DSP programming, the switching frequency is set to 10 kHz. The
Simulink model runs in continuous time while in DSP it runs in discrete time.
Due to the difference in the environment, the controller parameters have been
redesigned. Due to the communication lag of the DSP to the real-time simulator,
it is necessary to design system control parameters with a more robust method.

A stepped speed test and a constant speed test are implemented to show the
performance of the speed controller on the HIL. During the HIL test, the PC

“ virtual

that connected to the OPAL-rt with an ethernet cable is working as a
oscilloscope”, the real-time results are shown in Figure 3.7 and Figure 3.8. In both

figures the results are only applied as the real-time signal that monitoring the
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I 200 rpm/div

/ <« 2s/div_

Figure 3.7: Induction motor HIL test: stepped speed

system, their resolutions are not very high as a compromise to achieve system fast
response. More accurate results are read with a real oscilloscope which connected
to the analog-digital conversion (ADC) module on the Opal-RT.

The experimental results of PI controller are given in Figure 3.10a and Figure
3.10b. The step reference is given as 300 rpm, 600 rpm, 900 rpm, 450 rpm, 150
rpm respectively. Reference speed switches every 1.5 Second. The x-axis of the
oscilloscope shows the time in 2s/div, and the y-axis shows the analog signal of
rotor speed with a ﬁ gain. The unit on the oscilloscope is 500 mV /div.

The corresponding stator current is shown in Figure 3.10b. This signal is used
as the feedback in the current loop from the Opal-RT real-time simulator to the
DSP. As a result, it will be read by the analog-digital conversion (ADC) module.
Note that only a voltage between 0 V to 3.3 V is readable to the ADC module,
higher voltage will damage the circuit. The signal firstly went through a gain of
7—10 to keep between -1.5 V to 1.5 V, then added 1.5 V offset to achieve the desired
voltage. It is noted that this gain needs to be changed according to the current
range for different motors.

The rotor speed and stator current response of reset controller are shown in
Figure 3.11a and Figure 3.11b. Except for the controller, these two tests share
the same environment, including the switching frequency, communication gains,
etc. For the reset controller, the reset interval is chosen as five times of the base

time interval.
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Figure 3.8: Induction motor HIL test: constant speed

The speed response from the PI controller in Figure 3.10a shows that when
a step reference is applied to the speed loop, there is an overshoot about 20 %
whenever the speed increases or decreases. On the other hand, in Figure 3.11a, the
speed response of the same step reference, the overshoot is eliminated while the
overall setting time is decreased by 50%. Moreover, from the current results, the
current ripple in Figure 3.11b is reduced, the maximal current for reset controller
is also smaller than the PI controller.

The HIL test results proved that with the help of the ORC, the dynamic
response for the base PI controller is improved. It is possible to apply the ORC
to an existing industrial PI controller to improve its dynamic response. This
characteristic is further proved in the hardware test in Section 3.6, where ORC is

applied to two linear systems with different damping ratios.
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Figure 3.9: IM modeling with RT-LAB

(A: Event generator, signal exchange with hardware communication blocks; B:
simplified model of 2-level inverter; C: “OpComm” module for on-line tuning.)
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Figure 3.10: HIL test results with base PI controller
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3.6 Hardware Test

Following HIL test, full hardware test is made with a 15 kW test rig. The test rig

is introduced before the test results are shown.

3.6.1 Hardware Test Rig

The hardware test platform setup for induction motor controller are shown in
Figure 3.12 and Figure 3.13. A SEMIKORN three phase IGBT inverter is used.
This inverter is equipped with a water cooling system. A 15 kW motor is imple-
mented in the test rig. As shown in Figure 3.12, the left end shaft of the motor is
connected to an encoder, and the right end is connected to a load motor with a
torque sensor. The torque sensor signal is sent to the computer who controls the
load motor.

A 20 kW induction motor is installed as the load machine. Its inverter and
controller are integrated and shown in Figure 3.13, along with an interface PC.
The load motor uses a built-in PI controller in the PC. There are several options
for operation mode. The controller can work under both speed or torque mode

with the help of speed and torque sensors.

Control DC Voltage Source
Inverter

Power DC Supply

v 15 kW Induction
i Motor

Interface Board

.
= ~.

~,
Water Chiller

Figure 3.12: Semikron Invertor and Teco induction motor
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20 kW Induction
Motor used as Load

‘ Interface PC

Load Motor Inverter
and Controller

Figure 3.13: The load machine and its controller

3.6.2 Three-phase IGBT Inverter

The Semikorn SKAI2-HV three-phase IGBT inverter (Figure 3.14) is applied for
the test rig. The input DC cable and output three-phase cable is observed in
the picture. For this compact inverter, it is ideal for mobile applications such as
electric vehicles, agriculture machinery. Additionally, water cooling is essential
for the working condition of high power.

A programmable TMS320F28335 DSP from Texas Instruments is built-in as
the microcontroller. The program is downloaded through a 12 pin JTAG connec-
tor. An external emulator is required.

The X1 connector shown in Figure 3.14 has 35 pins. This multifunction con-
nector serves for both input and output signals. The control DC power source
is applied to the 24 V auxiliary power supply, and the hazardous voltage inter-
lock loop (HVIL), which is a current loop that works as a monitoring circuit for
system connections. Other pins provide functions like the resolver or encoder sig-
nal transmission, CAN communication, RS232 communication, output ports for

internal sensors, etc.
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Figure 3.14: The Semikorn inverter setup



CHAPTER 3. OPTIMAL RESET CONTROLLER 61

3.6.3 Rotor Position and Speed Sensors

Both encoder and resolver are designed to measure the rotor speed of an electrical

machine. They are essential for closed-loop control in speed.

Encoder

In this experiment rig, an optical incremental encoder is implemented to measure
the rotor position and speed (Figure 3.15a). For most type of encoder, there three
output signals, A, B, and Z. All of them are differential signals. Thus there are
six cables in total.

The working principle of an optical encoder is illustrated in Figure 3.15b.
There is a plate with multiple slots that rotating with the motor rotor. On one
side of the plate, there is an LED while there are sensors on the other.

A and B are the quadrature pulses generated from the slots that around the
plate, signal B has a phase lag to signal A. In this approach the rotating direction
can be found by the combined signal. The pulse signal is counted by DSP, refering
to the total number of pulses, the rotor speed is calculated.

Z pulse (also known as the index signal “I pulse”) is introduced to obtain the
rotor position. Z pulse can be considered as a special slot that occurs once a
mechanical rotation. Once the encoder is installed on the electrical machine, its Z
pulse position is fixed, which implies it is possible to convert the relative position
to the absolute position. Absolute position is not essential to IM control because
the rotor flux direction is not fixed. However, when it comes to permanent magnet
machines, the rotor flux direction is obtained once rotor physical position is found,

the value of the latter should not be underestimated.

Resolver

Another kind of rotor speed/position sensor is called resolver. It is also used for
another test rig shown in Figure 3.16a. Resolver works like a transformer. The
primary and secondary windings are placed on the stationary part of the resolver.
The rotor of the resolver is a metal in a particular shape, like Figure 3.16b. The
metal works as the insulating medium for the transformer, and particular shape
leads to a distinctive transformer ratio in various rotor positions. The rotor of the
resolver is connected to the motor shaft. An excitation voltage is given to resolver
by DSP controller. The exciting voltage and output voltage waveform are shown

in Figure 3.17. Exciting voltage (green) is the sinusoidal input to the resolver.
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sensor

V slots
=

(a) Installed Encoder (b) The working principle of encoders

Figure 3.15: Encoder

Both yellow and red are the output voltage. As the output of a transformer, their
frequency is not deciding, their magnitude is. With the rotor position shift (x-
axis of Figure 3.17), the envelope for the output voltage magnitude is a sinusoidal
waveform. The rotor position and speed are calculated with the relationship

between the yellow and red curve.

(a) Installed resolver (b) 4X rotor shape [122]

Figure 3.16: Resolver

A Compare Between Encoder and Resolver

Chose the right speed/position sensor is really important in various working con-

ditions. The difference lies in the following perspectives.
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Figure 3.17: Resolver: stator side voltage and rotor side voltage [122]

Firstly, the accuracy for a encoder is higher than a resolver. The encoder
installed in this test rig (Figure 3.15a) has a resolution of 5000. Which means
there are totally 20000 (counting signal A and B, for both rising edge and falling
edge) pulses in single mechanical rotation. Theoretically, it can detect as small as
0.018° change in the mechanical angle. However, as resolver output is in analog
, its results are less accurate. Furthermore, resolvers’ rotor have various shapes.
For example, the resolver in Figure 3.16b has 4 multiples, that means the output
is an absolute angle within 90°, but in which quadrant it lies is uncertain.

Second, for the encoder, its output is a comparative value, the absolute angle
is unknown until the first Z pulse is caught. For resolver, an absolute angle is
achieved once the device is powered on, it is possible even if the rotor is stood
still.

In the end, the encoder is more fragile in contrast to the resolver. Small
physical damage, for example, falling to the ground from more than one meter,
is possible to disable an encoder. On the other hand, resolver has vibration
resistance of 20G and shock resistance of 100G [123]. It can work under high
temperature and humidity. Given that many motors are designed to operate

under extreme conditions, resolver has a significant advantage in this point.

3.6.4 Selection of Base Linear System Parameters

The PI controller designed for both current loop and speed loop is designed by

pole placement method. The closed-loop transfer function of the current loop and
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speed loop is like Equation (3.28) and Equation (3.29).

iq id KpS + Ki
Gls) =5 5 Les? + (Re + Kp) s + K (3:28)

wr Kps—i—KZ-
wi  Js2+ (B+Kp) s+ K;

G (s) = (3.29)

The closed loop characteristic equation of both control system is given as
D (s) = 8% + 26wps + w? (3.30)

where £ is the designed damping ratio and w, is the natural frequency. In
this, chapter the focus is on the speed loop, the current loop PI parameter is kept
constant. Motor mechanical and electrical parameters used are shown in Table
3.2. For speed loop ORC, the PI parameters are used as the base linear system,
two sets of parameters with different damping ratios are selected to show that the
ORC can provide an improvement to both. Two sets of PI parameters are shown
in Table 3.3. Their corresponding speed loop response are observed in Section
3.6.5.

Table 3.3: PI controller parameter design

wp(rad/s) & K, K;
Speed loop #1 70 0.200 0.622 109.180
Speed loop #2 70 0.707 2.204 109.180

3.6.5 Hardware Test Results

The performance of the ORC is determined from the combination of the base
linear system and the reset law design. In this section, the ORC is tested under
two sets of PI controllers. The speed tracking diagram is given, the speed error
is compared, and the hardware test results are shown in Fig. 3.18 and Fig. 3.19.
The speed loop reference is given from zero to +600 rpm, followed by a drop to
—600 rpm and a return to zero. Here, a 600 rpm/s ramp is introduced to both
the acceleration and deceleration processes to protect the hardware.

In Figure 3.18, the speed loop PI parameter #1 in Table 3.3 is employed, the
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optimal reset law is calculated as
K = -10.1622

Similarly, Figure 3.19 shows the optimal reset results in speed loop PI parameter

#2, with the corresponding optimal reset gain calculated as
Ky = —4.9695

The hardware results show that the ORC can be introduced as an add-on to
a stable base PI controller. For different damping ratios, the ORC can provide an

improvement to the system dynamic response.
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Figure 3.20: Stator current in dq reference frame

The dg-axis current is recorded in d-q reference frame from DSP. Results are

shown in Figure. 3.20. The current signals are logged for two PI controller sets
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(speed loop # 1 and # 2 in Table 3.3) and corresponding ORCs. i, has a linear
relationship with the output of the speed loop controller. In a comparison of the
g-axis currents (red-curves) in Figure. 3.20a to Figure. 3.20b, and Figure. 3.20c
to Figure. 3.20d, the sudden changes in the g-axis currents introduced by the
optimal reset law are observed. This sudden changes reveal the non-linearity of
the ORC. Which is the characteristic that enabled the ORC to increase dynamic
response while eliminating the overshoot.

The d-axis current remains constant since the constant rotor flux reference of
¢ = 0.5 Wb is applied in all the tests.
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Figure 3.21: Sudden load change test for PI and ORC

To further evaluate the dynamic performance of the ORC, a sudden load
change test is introduced. A 10 Nm load is added and then removed, and the test
results are shown in Fig. 3.21. The PI parameter used in this test is the speed
loop PI parameter #2 in Table 3.3. It is shown in Fig. 3.21a and Fig. 3.21b that

for both controllers, the speed drops when a sudden load change is applied, and
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the recovery time for the ORC is shorter than that for the PI controller. The

same occurs when the load is removed in Fig. 3.21c and Fig. 3.21d.

3.6.6 Robustness Against System Parameter Variations

In this section, the influence of parameter variation to the performance of ORC
is discussed. For the ORC implemented on the machine speed control loop, the

system model is as

(3.31)

where the moment of inertia J and friction factor B are the system parameters.

A. Moment of inertia J

The machine moment of inertia J = 0.14 kg.m? is identified with an off-
line method in the hardware test rig shown in Figure. 3.12 and Figure. 3.13.
Additionally, the inertias of the load machine and the shaft are not considered
in the optimal law design. In industrial applications, it is equally challenging to
track the accurate inertia of the shaft and the load.

B. Friction factor B

In most industrial applications, the friction factor B is neglected due to t-
wo reasons. Firstly, most machines are well lubricated, and friction is minimal
compared to inertia. It has a minimal influence on the system. Secondly, the
actual value of B is not simple to measure. The torque induced by B is ordinarily
proportional to rotor speed. In higher speed ranges, windage resistance increases

and make the friction-speed curve distorted.

ORC is a model-based method. It is sensitive to the parameter error. However,
the influence of error is compensated with the help of load torque observer. An
electrical machine can store or release energy when its speed changes. The amount
of this energy depends on the machine inertia J. Similarly, when there is a
Jerr between machine J and controller J, one can consider .J.- equivalent to an
additional load to the system in dynamic. In that case, when the additional load
is observed and compensated by the load observer, it is equivalent to the Jg,, is

compensated.
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Figure 3.22: Load torque observer output

This phenomenon is observed in a hardware result in Figure. 3.22, where the
load torque observer output under a no-load acceleration and deceleration test are
shown. The load torque observer requires the knowledge of system inertia, and
its output should remain zero under no load condition. However, the red curve in
Figure. 3.22 is obviously not zero. This result is explainable through J¢,,. In this
particular hardware test, it is caused by the inertia of the loading machine since
it is not calculated in optimal reset law design. This load torque observer result is
applied to z, in Equation (3.26) to compensate the dynamic tracking error caused
by Jerr.

3.7 Summary

In this chapter, a novel algorithm is provided to improve the dynamic performance
for electric machine speed loop controller. The background review is made on the
methods that have been introduced to solve the dynamic response issue. Then
the ORC is presented. As a non-linear method, ORC is designed to overcome the
limitation from the conventional linear controller, to eliminate overshoot while
maintaining high response speed. The previous implementations of ORC have

been reviewed.
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Next, the design procedure for ORC is illustrated in detail. There are three
sets of parameters that essential to the reset law, which are base system PI values,
optimal law gain K, and steady-state z.. Even though there is no quantitative
approach to decide the cost function weight QQ and R, their relation and the
designing guideline are discussed.

Next, ORC is tested on an IM. In the beginning, simulation results are carried
out. Then an HIL test is carried out, where the controller is replaced with DSP,
and the hardware rig is running on an OPAL-RT real-time simulator. In the end,
OPAL-RT is replaced with a three-phase inverter and a 15 kW IM. HIL provides
a method to verify the controller without damaging the hardware, protecting the
researchers from potential risk and gain their confidence. These three tests present
a whole process of carrying simulation to hardware test. The simulation and test
results align with each other, showing that ORC significantly decreases the speed
tracking error in speed increasing and decreasing processes. ORC is also tested
with sudden load change tests. It shows that the speed recovery time for both
adding and removing load is shorter than pure PI controller.

For ORC, the real-time rotor speed is applied in the feedback. Thus speed
sensor (i.e., resolver or encoder) is still required. In many particular industrial
applications, a speed sensor is not available. In the next chapter, the issue of

sensorless control will be discussed.



Chapter 4

Sensorless Control for
Permanent Magnet

Synchronous Machine

In this chapter, the sensorless control for PMSM is discussed. A smooth transition
method is proposed to improve the transient performance between the open loop
and the FOC. The smooth transition method is designed based on an analysis
of the relationship between the g-axis current and the error angle. In addition,
the open loop starting and sensorless closed-loop FOC based on the back-EMF
approach is illustrated respectively to show the transient issue.

In Section 4.1, the importance of the PMSM sensorless control is highlighted.
A thorough review is made on the present-day approaches. The estimation of
the back-EMF is the foundation of the majority the speed estimation algorithms.
However, the sensorless control that based on the back-EMF estimation has lim-
ited performance in low-speed operation when the back-EMF is very small. To
overcome this drawback, an open loop approach is proposed to start the machine.
After the PMSM has accelerated to a reasonable speed ( “controller switch point”),
the controller would switch the controller to back-EMF based sensorless FOC.

A diagram of this process is shown in Figure 4.1, which also illustrated the
scope of this chapter with the section numbers labelled on it. The arrow in Figure
4.1 is the physical sequency of the PMSM starting. Section 4.2 and Section 4.3
are the background knowledge. The major contributions of this chapter are in
Section 4.4 where the smooth transition method is proposed and the analysis to

the openloop start process is made.
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High speed
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based on back-
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(Section 4.4)
Open loop start
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Figure 4.1: PMSM sensorless starting scheme

The smooth transition method is based on the analysis of the current misalign-
ment between open loop and sensorless FOC. Its proposed is to reduce the g-axis
current in a closed-loop way with the angle error as the feedback. Simulation
verification and experiment results are shown in Section 4.5 and Section 4.6 re-
spectively. It is proved that the proposed smooth transition method can improve
the transient current, torque performance. Also the noise mechanical reduction is

observed in the hardware tests.

4.1 Background of PMSM Sensorless Control

Permanent magnet synchronous machines (PMSMs) have been applied to many
successful applications in recent years. The flux linkage of a PMSM is built by the
permanent magnet inside the rotor. As a result, the power density of a PMSM
is outstanding and its overall efficiency is excellent. In addition, there is no slip
speed involved, their control algorithms are more straightforward. PMSMs have
better performance in delicate position control applications

In marine applications, PMSMs are widely used due to their efficiency and high
power density. However, in some specified working conditions, the machine must
be controlled sensorlessly. The tunnel thruster is a typical application of PMSM.
It is designed to place inside the tunnel of a ship bow or stern (see Figure 4.2).
The purpose of this design is to provide a propulsion when the ship is docking or
generate a thrust to maintain the vessel’s position or adjust its heading (dynamic
positioning) [124].

For the design of a tunnel thruster, the size and the efficiency are critical
due to its limited space. For the latest design of tunnel thrusters of Rolls-Royce
(shown in Figure 4.3), PMSM is introduced to gain higher efficiency and more

compact installation [125]. This thruster is capable of generating equal thrust in
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Figure 4.2: Installation of tunnel thruster [125]

both directions. Its power rating is 1000 kW to 1600 kW.

Figure 4.3: Rolls Royce TT PM Tunnel thruster [125]

In this tunnel thruster, the variable frequency drive is housed in the thruster,
which frees the space on board. On the other hand, this design makes it impossible
to fit a speed sensor on the machine. As a result, sensorless control is the only
choice.

Generally, the rotor position estimation methods can be categorized into two
classes, namely the model-based method and the non-model based method [126].
The model-based method estimates the machine back EMF with the help of the
machine parameters. The back EMF direction can be used to estimate the rotor

position since it is generated by the PM whose position is aligned to the physical
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position of the rotor. The back-EMF based methods can be categorized as open
loop [127] and the closed loop observers [128]. As the estimated back-EMF nor-
mally containing noise, the open loop method is not promising. literature review
shows that the closed loop method is prefered by many papers. In [129-132], slid-
ing mode observers are applied since they are easy to implemented and they are
robust against the parameter variations. In [133], the MRAS control scheme is
applied, where the real machine is considered as the reference, the output signal
from an adjustable model and the reference are compared, and the estimation
speed is calculated. The SMO is also a very commonly used method. In [134], a
super-twisting algorithm based second order sliding-mode observer (STA-SMO)
is applied. The super-twisting algorithm has a solid immunity against the chat-
tering issue which is commonly faced in a first-order SMO. In [135,136], extended
kalman filter (EKF) is applied to the sensorless observer for a valve control.

With the speed sensor installed, the risk of sensor failure should not be ne-
glected. An EKF based sensor fault detection and isolation method is proposed
in [137]. To detect the speed sensor fault, one can compare the speed sensor
output with the speed observer output [138,139].

On the other hand, in an anisotropy-based (non-model based) method, high-
frequency (HF) signal is injected to the machine to provide more rotor position
information [140-142]. All HF injection methods take advantage of the saliency of
the PMSM. That means the HF injection method is able to detect motor position
even the motor is standing still. Both pulse signal and sinusoidal signal are appli-
cable for signal injection [141]. According to [143], the pulse injection method has
better accuracy and it is more robust against the dead time effect [144]. In [145],
the advantages of sinusoidal and pulse signal are discussed respectively under two
kinds of motor configurations. The saturation and magnitude of high-frequency
injection signal are discussed. The influence of the analog to digital convertion
(ADC) in the signal injection is discussed in [146], the safety operation area is
explored. The frequency of the injection is usually set to ten times of the inverter
fundamental frequency. In that case, it will resulting to a pulsating torque, and
the machine remains to stand still due to the inertia and friction. The PMSM
rotor may start to rotate if the injection frequency is not high enough.

The downside for HF injection method is that the additional losses are caused
and the torque ripple are created [134]. Additionally, as mentioned above, these
methods are only applicable for interior PMSM (IPMSM) [147,148]. Since the
PMSM that targeted by the industrial project in this chapter is not an IPMSM,
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the HF injection method is not considered. Next, the convergence for the observer
is questionable, which will cause a large estimation error. In the end, introducing
an injection signal is a challenge to the power converter used, the cost for the
whole system is increased.

In industrial applications, the model-based methods are more commonly ap-
plied because they are easy to implement. However, the performance of the model-
based methods are poor at low speed. In such condition, the back-EMF became
very small, and the voltage drop on the resistor and inductance became domi-
nate [149]. In that case, the model-based methods are not an ideal approach to
identify the rotor position.

Fortunately, the only inevitable low speed operation is when the machine is
starting up. If the machine is already accelerated, the model-based algorithms are
reliable. A feasible approach is to start the PMSM with an open loop controller,
then switch to a sensorless closed loop when the rotor speed is high enough. The

open loop start method is introduced in Section 4.2.

4.2 PMSM Open Loop Start

The rotor flux of a PMSM is built with permanent magnets (PMs) in the rotor.
The FOC method demands a accurate rotor flux direction so that the d — ¢ axis
current can be properly decoupled. In the process, the vector diagram is shown
in Figure 4.4. However, when the rotor flux direction is not properly identified,
the stator currents (I5; or Ise) will still be decoupled by the rotor dq reference
frame, shown in d,otor and grotor in Figure 4.4. In that moment, only the current
vector that perpendicular to rotor flux, i.e. i41 or i42, will contribute to the torque
generation, and the torque direction is decided by the direction of i, . The d-axis
currents ig; or igo will not influence the torque direction. They are not shown in
the diagram.

The main idea of starting a PMSM in an open loop way is to keep the torque
direction constant in the process. The method proposed by M.Fatu in [150] sug-
gests to apply a rotating stator current vector Iy with a ramping speed. In this
way, the machine is started by the generated torque, and as the rotor and the I,
are rotating together, the i, can be kept in a constant direction so that the torque
direction will also be constant. This method is referred to as the “I-f” method.

For the "I-f” starting, the stator current frequency ramp should not be too

steep. The purpose of the ramping frequency is to guarantee that the rotating
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Figure 4.4: PM open-loop start vector diagram

speed of the stator current vector is comparable with the rotor speed. Otherwise,
when the relative position of I; and the rotor in Figure 4.4 changes from I to I,
the torque generate current component changes from i41 to i42, and the generated
torque becomes negative. This whole start up process is in the same manner
as dragging the rotor with a spring. The rotor speed and torque will become
consistantly oscillation. This characteristics are clearly observed in the hardware

test results in the next section.

4.2.1 Hardware Tests for “I-f” Starting

The “I-f” Starting is widely introduced in industrial applications. Its performance
depends on particular physical conditions of the machine, which cannot be per-
fectly shown in the simulation. Hardware experiments are carried out on a 50 kW
test rig in this section.

In the tests, the PMSM is started with the “I-f” method, three frequency
ramps are applied, results are shown in Figure 4.5 to Figure 4.7.

For slower speed ramp (Figure 4.5), the starting process is more smooth. How-

ever, oscillation can be observed during the acceleration process. As a continuous
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Figure 4.5: PM open-loop start hardware test (100 rpm/s)
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Figure 4.6: PM open-loop start hardware test (200 rpm/s)
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Figure 4.7: PM open-loop start hardware test (350 rpm/s)

test, steeper accelerate ramp are tested, shown in Figure 4.6 and Figure 4.7.

In Figure 4.6, when the acceleration ramp is doubled (200 rpm/s), the oscil-
lation is larger, which lasted after reference speed is reached. In Figure 4.7, the
ramp increases to 350 rpm/s, the rotor stopped tracking the reference. After a
short oscillation session, the rotor speed dropped to zero, since the positive and
negative torque is equal in each period, the rotor stopped by freewheeling.

In Figure 4.5 to Figure 4.7, the stator current figure (upper figure in the
oscilloscope screen shots) is only showing one phase of the three-phase stator
currents. In this open-loop tests, before the beginning of the process, a d-axis
DC current reference is given to the stator so that the machine rotor position is
aligned to the initial position of the stator flux linkage. In that case, before the
machine starts (¢t < 3s), all of the three-phase currents are DC currents. They
are the results of the reversed Park transformation of the DC d-q currents. It is
normal that one or two of the phase current(s) is negative.

In conclusion, when starting PM machine with the “I-f” method, the selection
of a proper acceleration ramp is very important. The ramp should not be too
steep. The load torque and the magnitude of a given voltage vector should also
be taken into consideration.

In most marine application cases, PMSM is the propeller, in which the load is
proportional to the square of rotation speed, which means that when the motor

is starting, the load torque is very small. Thereby, the “I-f” starting method is
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achievable in low torque working conditions.

4.3 Back EMF Based Sensorless Control

After the machine is accelerated with the “I-f” starting method, its controller will
be switched to a sensorless FOC. Model-based rotor position estimation has been
achieved with multiple approaches. In this section, the sliding mode observer
(SMO) is introduced.

4.3.1 Back EMF Estimation with Sliding Mode Observer

The SMO for rotor position observation consists of a nonlinear current observer,
and the control signal is applied in the estimation of the back EMF. The current

observer is derived from the mathematical model of PM, shown in Equation (4.1).

io _ _Rsl o 1 1

4 = "L la T LV — 17 4a

: (4.1)
diB o Ry 1 1

@ = Lt vs 148

where %a and %5 are the observed value of stator currents. Reference signal of v,
and vg are applied to the equation. L; and Ly can be calculated as Equation (4.2)

with inductances Lq and L, in rotor flux reference frame.

L, = Latle
2 (4.2)
L2 = 7Ld;Lq
Zo and Zg are the control signal which is presented in Equation (4.3).
Zo =k -sgn (Ea — z'a)
(4.3)

Zg =k -sgn (%5—1'5)

In Equation (4.3), sgn stands for the signal function whose result equals to
+1 depending on the sign of current estimation error. k is the coefficient of the
current SMO.

If convergence is achieved with the current SMO, the current error ;a,ﬁ =
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Figure 4.8: Sliding mode observer time delay
io,p — iap become zero. Equation (4.4) is achieved.

Za = €q = —we sin (6;)
(4.4)

28 = eg = pwe cos (6e)

The control signal in Equation (4.4) is equivalent to the back EMF value in
the o — 8 axis. As the rotor position share the same direction with the rotor flux,

its angle 0, can be found with Equation (4.5).

0. = arctan (—i‘;) = arctan <m> (4.5)

The rotor speed is the differential of the rotor position. On the 50 KW test rig
in Section 4.6.2, the SMO is applied, the estimation results are compared with the
encoder outputs (Figure 4.8). The estimation error is caused by multiple reasons,
one of them is the time delay introduced by the low pass filter (LPF), which will

be introduced in the next section.
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4.3.2 Low Pass Filter Applied for Sliding Mode Observer

Chattering need to be reduced when the SMO is implemented. A low pass filter
(LPF) is necessary. At the same time, a time delay will be introduced to the
estimation result. As the position information is applied to the decoupling of
d — q axis current, the error introduced by time delay will be amplified.

In the experiment test, the parameter kyy = 0.3, which lead to a transfer

function of

0.3z
z—0.7
The cut off frequency is about 500 Hz, in 144 rpm, the theoretical time delay
is about 0.0108 pu.

The rotor position error is shown in Figure 4.8 is around 0.04 pu. However,

sYsz =

(4.6)

this error may not caused by the LPF time delay entirely. For example, the error
in the measurement of stator current will lead to an error in the SMO result.
Additionally, there is a chance that the encoder output has an error. Nonetheless,
compensation on the low pass filter time delay will reduce the error.

From another perspective, the motivation of introducing the LPF is to avoid
chattering issue. It is not necessary to introduce a LPF otherwise. One method is
to replace the e signum function with a sigmoid function [151]. Another approach
is to replace the SMO with a super-twisting algorithm [134]. In that case, the low

pass filter is not compulsory anymore, neither the time delay compensation.

4.3.3 Robustness Test for Sliding Mode Observer

As a model-based method, the robustness test against parameter variation is
necessary. The robustness of Ly and R, are tested.

In this hardware test, it is difficult to change the actual motor parameters.
Instead, the parameter used in the observer is changed intentionally. Their values
are changed +50% each. This parameter variation is reasonable in real conditions
due to a change in temperature. The experiment test results are shown in Figure
4.9. In all conditions, the identified rotor angle is similar. Since encoder output
is trustworthy, the error is kept within a certain range, which implies the SMO

output is robust against parameter variations.
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Figure 4.9: Sliding mode observer robustness test

4.4 Smooth Transition Method

In Section 4.2 and Section 4.3, the open loop start “I-f” method and sensorless
control based on back EMF are proved to be reliable. In this section, the transition
method between these two control algorithms will be discussed.

When the machine is accelerated, the back EMF is large enough so that posi-
tion can be appropriately estimated. The control loop is closed with the estimated
value as the feedback. In general industrial applications, the transition from open
loop to closed loop is the direct switch, i.e., change the stator current iy and 4,
directly from “I-f” method reference to the SMO controller’s output. Since their
difference in both magnitude and direction are large, sizeable transient curren-
t peak is created. This current peak also triggers noise and potential physical
damage to the machine.

In this section, a novel method is proposed for a more smooth transition proce-
dure. This method is derived from the open loop operation characteristics. Firstly,
the transient issue from open loop to FOC is discussed, and the proposed smooth
and fast transition method is illustrated. Next, the simulation and hardware test

results are shown.
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4.4.1 Transient Issues From Open-Loop to FOC

In the transient from the open loop to close loop FOC, the reference signal will
suffer a large variation in a short time. This sudden change will lead to multiple

consequences.

e Large current transient
e Large torque vibration.

e Noise during the transition

This transient issue can be illustrated by the sudden change in reference cur-
rent. As introduced in Section 4.2, when the motor is running in open loop, the
stator current can be considered as a vector with ramp increasing frequency. It
will be decoupled by the actual rotor position. The electric magnetic torque is
generated as Equation (4.7). It should be pointed out that the rotor direction is

not necessarily aligned with this stator current vector.

3
T. = 5P [Wig+ (La — Ly) idi] (4.7)

Note that the actual electric magnetic torque T, generated should always be
following the torque balance, i.e., T, = T;. When a motor is starting the load
torque 77, is very small, thus T, required is very small as well. In the meantime,
in a open loop start with the “I-f” method, the magnitude of the current vector
I is given as constant, and it is set exceedingly large than the I, required to
guarantee the motor start.

After the motor started, the torque balance is achieved in an electric mechan-
ical process. The current vectors relationships in both reference frames are shown
in Figure 4.10. Take the condition when T, is larger than 77 as an example,
the rotor will accelerate and - will become larger. When 6., is larger, the iﬁl
component will become smaller and T, will also become smaller. The condition
when T, is smaller than T7, is similar. The same process repeats until T, and 17,
is finally balanced, the 0., becomes constant.

It can also be derived from this small signal analysis that when the motor is
started in an open loop approach, the stable operation point can be reached only
when i, located at the I-quadrant of the coordinate system composed by grotor

and d,otor in Figure 4.10. The electric torque equation that contains 6., can be
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Figure 4.10: 6., in open loop operation

derived as Equation (4.8).

1
T. = ;P Wig cos (Berr) + 5 sin (20err) (La — Lq) i (4.8)

q

Two assumptions are made to simplify the analysis. Firstly, the current ref-
erence vector will keep a constant frequency once the desired speed is achieved.
Second, the reluctant torque of PMSM is minimal. In another word, Lg — L, ~ 0,
so that the second part in Equation (4.8) can be neglected.

Find the differential of Equation (4.8) against 6., as Equation (4.9).

dT 3 o
y Ge; = —5 PWigsin (Oerr) (4.9)
It is obvious in Equation (4.9) that if fc,, € (—90°,0°), the value of dcgfr is

positive, while it should be negative to maintain the motor system work stable. It
is proved that when the motor is running in a steady-state open loop, i, is always

located at I-quadrant in Figure 4.10.
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4.4.2 Proposed Smooth and Fast Transition Method

The machine conditions before the transition are discussed in Section 4.4.1.

Before transition, the motor is started in open loop, and its stator flux vector
direction could only locate at I-quadrant in Figure 4.10. In order to guarantee the
machine start, an extensive magnitude of i, reference will be introduced to the
motor. The sufficient current will contribute to the torque while the exceeding is
decoupled as the d-axis components.

After switched to a closed loop FOC, i, is the reasonable value which is enough
to counter the load torque, while the reference of 74 is commonly set to zero in
a PM machine controller. During the switching process, the current will change
violently.

The critical point for the smooth transition from position open loop control
to FOC is to find a method that can reduce the dq-axis currents and error angle

Ocrr smoothly.

ref

m. P e

A

Js+ B

Figure 4.11: Proposed smooth transition method

An integral closed-loop method is proposed to reduce the current command
before the switching. The proposed control diagram during the transition process
is shown in Figure 4.11. Where the current loop of the motor system is treated as
a proportional block K; for the simplicity. And the control law can be shown as E-
quation (4.10), where Kj;,; represents the integral gain designed for the transition,

T, is the sampling time of this discrete time system.

Z.q(K—i-l) = Zq(K) — KintOerr T (410)

In Figure 4.11, the initial value of the integrator is set to the reference value
of iy in the open loop start method. The reference value 8.,* is a small value
defined, which means it is safe to switch to closed loop.

The proposed method works with the natural saturation that built in the
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current iq loop. With the fe,, drops, the g-axis current reference i; drop gradually.
The drop of i, will make the rotor misalignment angle smaller as described in
Section 4.4.1.

One can also decrease the i; by manually giving a changing ratio limitation so
that its value will drop linearly. However, due the variable load conditions, it is
impossible to decide a perfect ratio in industrial applications. On the other hand,
the proposed method is realized in closed loop, which is more robust. It is verified
in two hardware test rigs with largely divergent power ratings (3 kW and 50 kW)

to show the robustness of the proposed switching approach.

4.5 Simulation Results

The simulation is carried out with MATLAB SIMULINK. The same machine
parameters of the 50 kW PM rig are applied to the PM motor model to keep the
simulation results more comparable to industrial applications. The machine and
test rig is introduced in a later Section 4.6.2, and the motor parameters are given
in Table 4.2. Figure 4.12 shows direct transition results. The controller transition
speed is set to 15% of the motor rated speed, which is about 144rpm. Transition
time is set at t = 2s. Figure 4.13 show the results with smooth transitions. The
transition process also starts at ¢ = 2s, however, with the help of the smooth
transition algorithm, the ¢, current decrease gradually , After about 1 second, the
controller switched to the closed loop FOC (Figure 4.13a).

From the simulation results, the following observations are made.

e Firstly, when the machine is started with an open loop approach, both
Figure 4.12a and Figure 4.13a show that the speed oscillates in the rising
process. This result demonstrates the analysis made in Section 4.2. Addi-
tionally, it visualizes the expression of “dragging the rotor with a spring”.
It is also observed when the motor operates to an open loop steady state,

the speed oscillation turn smaller with time.

e Secondly, in the simulation result, only the transient currents are shown.
In the hardware test results (Figure 4.21c), the direct transition also brings
noise and physical vibration, these phenomenon cannot be observed from

simulation.

e Thirdly, from the rotor speed point view in Figure 4.12a and Figure 4.13a,
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Figure 4.12: Simulation on open loop to FOC: direct transition

after applying a smooth transition, the speed variation during the switching

transient is smaller.

e Lastly, the angle error in Figure 4.12b and Figure 4.13b are close to 1.5rad
when the motor is starting. In electric angles, it is about 85.94°, which is
really close to 90°. That implies the i, reference current is far larger than
the real i4 required. Most of the current vector is decoupled to the i4 vector.

The real i, that contributes the torque to counter friction and load can be
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Figure 4.13: Simulation on open loop to FOC: smooth transition

calculated as Equation (4.11). 44—, share the same definition from Figure
4.10.

Gq—q = €05(85.94%) x ig > 0.071 * i, (4.11)

In the simulation model, the friction factor is constant, when the motor is
starting, the friction can be ignored. However, in the hardware test, the friction

is large particularly in the starting stage, thus a large starting curent ¢, is required.
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To simulate real conditions, the open loop starting current i, is set very large.
Another important factor is the initial position. If the motor starts with the
stator current vector overlaps with the rotor flux direction, the initial torque will
be zero. In that case the torque is increased gradually and the speed oscillation is
minimized. Thus it is proved to be an ideal initial position. The simulation results
are shown in Figure 4.14. In Figure 4.14, initial position is set to 6;,; = k * 90°.

It is shown that oscillations are smaller when k is closer to 1.
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Figure 4.14: Open loop start with different initial position

In the hardware test, the ideal initial position is reached after the DC current
is injected. The target is to set the initial angle to 6;,; = 90°. However, since
the machine has 11 pole pairs, an electric angle 90° converted to the physical
angel is only 8.18°, whose accuracy is hard to guarantee. In the simulation, the
comparable condition of £ = 0.8 is applied, which is a close to the ideal initial

position, but not exactly the same.



CHAPTER 4. SENSORLESS CONTROL FOR PMSM 91

4.6 Hardware Test

The experiments for the smooth transition method are carried out on both the 7.5
kW and 50 kW PMSM. In this section, the hardware rigs are briefly introduced.
Then the hardware test is carried out on both hardware test rigs. Experiment

results are shown in Figure 4.16 to Figure 4.22.

4.6.1 Test Results on the 3 kW PMSM
3 kW PMSM Test Rig Setup

The 3 kW PMSM test rig is shown in Figure 4.15. On the motor side (Figure
4.15b), a 7.7kW PMSM is coupled with a 3 kW hysteresis brake dynamometer
(Magtrol HD 810-8N). The specifications of the PMSM are listed in Table 4.1.
It should be pointed out that the 7.7kW PM machine inertia is not provided by
its manufacture. The Magtrol HD 810-8N dynamometer has inertia 0.006 kgm?.
considering that the PMSM and the dynamometer share the equivalent size, the

combined inertia is estimated as 0.012kgm?.

Table 4.1: Specifications of 7.7 kW PMSM

Specifications Value

Rated current (A) 27.7

Rated speed (rpm) 3150

Rated torque (Nm) 31.8
Inductance Ly (mH) 1.089
Inductance L, (mH) 2.606
Measured Resistance Rs (2) @150 Hz | 0.176
Inertia J (kgm?) 0.012
Calculated PM flux (Wb) 0.18

Pairs of poles 3

Dynamometers are ideal equipments for tests under low to medium power. It
can provide a torque without speed due to its hysteresis brake characteristics [152].
This installed model is capable of generating load torque at a maximal of 14N.m.

The controller system configurations are shown in Figure 4.15a. The setup for
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inverter and DC power source are similar to the IM test rig introduced in Section
3.6.1. It is not repeated here for conciseness.

g < - |
hysteresis brake
DC power source dynamometers |
for controller w . & Monitor of dyno
} e motor

Figure 4.15: 3 kW PMSM test rig

Test Results on the 3 kW PMSM

For the 3 kW PMSM machine, the experiment results on the proposed smooth
transition method are provided in Figure 4.16 and Figure 4.17, the direct tran-
sition method is also tested for comparison. In both methods, transition time is
set to t = 1s.

In Figure 4.16(a), before the transition the initial error angle is around 65°.

While the proposed method reduces the error angle gradually to zero, the direct
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transition method just switches the angle directly . Although it seems the direct
transition method is faster than the proposed method, it introduces much higher
speed overshoot and larger current oscillations. Test results are shown in Figure
4.16 (b)-(d). If the system has smaller inertia, the speed overshoot will be even
larger.

On the contrary, the speed response of the proposed method is much smoother
during the transient process, the speed variation is within 50 rpm. Although
there is a spike in the estimated velocity of the direct transition method (Figure
4.16(c)), it is not observed in real velocity (Figure 4.16 (d)). The reason for this
phenomenon is that the currents and voltages are oscillating under the direct
transition method, speed estimation result is not correct in transient. One should
be noted that the speed calculation and control period is 1ms, rather than the
current measurement and control period 0.1ms.

The stator current result gives a better view of the improvement of the smooth
transition method. The single phase stator current variation during the transition
is logged by the oscilloscope, shown in Figure 4.17. For both methods, it is clear
on the scope that when the motor is running under the open loop strategy, the
stator current is very large, after the transition, the stator current required is
depend on the torque balance and guided by the FOC algorithm. The experiment
results match the analyses in Section 4.4.1. The proposed method focuses on im-
proving the transient, the current spike caused by direct transition is marked with
a red oval in Figure 4.17a. As a comparison, in Figure 4.17b, smooth transition

algorithm is applied, and the current spike is eliminated.

4.6.2 Test Results on the 50 kW PMSM

The 50 kW PMSM test rig provides a test environment which is more close to
industrial applications. Transition noise is more evident on larger machines than
the small ones. Additionally, with the help of a torque sensor, the torque transient

is observed more clearly.

50 kW PMSM Test Rig Setup

The 50kW PMSM and IM rig is shown in Figure 4.18. The PMSM consists of
six-phase windings and surface mounted PMs. In the test, the six-phase windings
are connected two by two in parallel and form into two ordinary three-phase

machines. The stator winding configuration is as Figure 4.19. In future works,
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Figure 4.17: Single phase stator current comparison: 3kW
Red circle: current spike during direct transition

the connection will be decoupled to test as a dual stator winding PMSM. This
PMSM is also equipped with temperature sensors, and search coils for machine
health monitoring.

An IM is coupled on the shaft as load. However, both machines can be used

as either generator or motor. There is a “KISTLER” torque sensor placed along
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the shaft, which will log the shaft torque.

The specifications of this PMSM are listed in Table 4.2. The inertia here
represents the estimated inertia for the PMSM only. Since the PM machine
rotor has larger radius, its inertia is larger than the IM with equivalent size.
Additionally, the combined inertia of the whole test rig should be considering the

inertia of the shaft.

Table 4.2: Specifications of 50kW PMSM

Specifications Value
Rated current (A) 84.65
Rated speed (rpm) 960
Rated torque (Nm) 583.4
Inductance Ly (mH) 880
Inductance L, (mH) 880
Measured Resistance Rs (€2) @26.4Hz | 0.015
Inertia J (kgm?) 4
Calculated PM Flux (Wb) 0.253
Pairs of poles 11

Test Result on 50 kW PMSM

The hardware test results are shown in Figure 4.20. As required by the industrial
applications, the PM motor is accelerated to 15% of the motor rated speed (144
rpm) with an open loop controller. Then motor controller switched to a sensorless
FOC with SMO. In both smooth and direct transitions, they are made at t = 1.6s
after data logging begins.

Figure 4.20(a) shows the change of i, reference value in both transition meth-
ods. With smooth transition (black curve) the i, reference gradually drops to
the closed loop reference value, on the other hand during the direct transition
(red curve), the i, reference drop immediately. As a result, a large overshoot is
caused. Figure 4.20(b) shows the angle error between the open loop reference an-
gle and the sliding mode observed angle. In open loop, the angular misalignment

is around 70 degrees (electrical angle). The smooth transition shows a gradual
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Figure 4.18: 50 kW test rig of PMSM and IM
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Figure 4.19: The stator windings of the 50 kW PMSM

drop in the error angle similar to ¢, current. These hardware results are close
to the simulation results in Figure 4.12 and Figure 4.13. The difference is that
in hardware test, the initial angle difference is about 70°, while in simulation it
is about 86°. Since the difference is constant, the difference is most likely to be
caused by the time delay in the speed estimation.

Figure 4.20(c) and Figure 4.20(d) show the speed variation observed by the
encoder and the SMO respectively. Although the encoder information is not
applied to the algorithm, it is captured for comparison. Both results show that
speed fluctuation is larger in direct transitio than in smooth transition. In contrast
to the test in 3 KW rig, the difference is not very obvious. That is because the
motor is working on a lower speed. However, it is observed clearly from the

oscilloscope measurements.
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Figure 4.20: Hardware results for transition control: 50kW.
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The oscilloscope screenshots that taken from the same experiment are shown
in Figure 4.21. Figure 4.21b is from smooth transition, while direct transition is
shown in Figure 4.21a and Figure 4.21c. Figure 4.21c is a zoomed-in view of Figure
4.21a. In the scope screenshots, channel one is the single-phase stator current.
Channel two show the speed. Channel three shows the torque signal read from
the torque sensor placed on the shaft between the two motors. It is observed in
Figure 4.21c that during the direct transition there is a 106 A overshoot. Although
the duration period is very short, a clear and heavy sound can be heard during
hardware experiment. Channel two represents the speed read from the torque
sensor. This speed results cannot be used for any control proposes due to the
poor resolution (60pulses/rotation), it is shown on the scope plotting just as a
reference. By comparing Figure 4.21a and Figure 4.21b. There is a significant
torque ripple (violet curve) during the direct transition.

The smooth transition is also tested in lower speed conditions. In lower speed,
the challenge is that the SMO cannot achieve accurate rotor angle. Experiments

are done for the rotor speed of 10% and 5% of the rated rotor speed. The exper-
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iment results are shown in Figure 4.22. Figure 4.22a and Figure 4.22b show the
results at 10% of the rated rotor speed (96 rpm). The smooth transition method
works well under this condition. Figure 4.22¢ and Figure 4.22d show the results
for smooth transition and direct transition at 48 rpm, respectively. Results show
that in 5% of the rated rotor speed, the direct transition method stopped working
(Figure 4.22c), the speed drops to zero rapidly while the system suffers a large
oscillation. On the contrary, this issue is fixed by introducing the proposed s-
mooth transition method, as shown in Figure 4.22d. For lower rotor speed, the
system is more vulnerable to the current pulses during the transition, the poten-
tial minimum transition speed is decided by the motor set up and the particular

experimental conditions.
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4.7 Summary

In this chapter, the issue of PMSM sensorless control is discussed.

To begin with, the background knowledge on PMSM sensorless control in
marine applications are investigated. Thrusters made by PMSM are benefited
from its high efficiency and compact design. On the other hand, the speed sensor
is not available in many marine applications. The design of tunnel thrusters is a
perfect example.

The sensorless control approaches can be categorized as the model-based and
the non-model based. The performance of the model-based methods are not
guaranteed in low-speed conditions. The non-model based methods, on the other
hand, require high-frequency (HF) signal injection, they may introduce torque
ripple to the system. A possible solution is to apply a model-based method with
an open loop start.

Next, the PMSM open loop starting method (“I-f” method) and a model-based
rotor position estimation approach (the back EMF method) are introduced. For
the “I-f” method, its principle is provided, and the hardware test results are
shown. For the back EMF method, the equations are shown. Additionally, some
discussions are made on the time delay that caused by the low pass filter. The
robustness tests on PMSM parameter variations are given.

The transition issue between the open loop start and the closed loop FOC is
considered. A novel smooth transition method is proposed based on theoretical
analyses. It is shown that the sudden change in the misalignment angle is the
reason for the transient current overshoot. The proposed method decreases the
g-axis current based on a closed-loop control with the error angle as its feedback.
Simulation is carried out with Simulink.

Lastly, experiment results on a 3 KW and a 50 kW PMSM are shown. The
hardware results are compared with simulation results. It is proved that the
proposed smooth transition method improves the transient performance on the
current, torque, and reduces the noise. Moreover, for the 50 kW PMSM, the
direct method stop working under extra low transition speed. This issue is fixed
by introducing the proposed smooth transition method.

In the next chapter, the discussion about parameter identification is made on
the IM in marine applications. In that case, the d — ¢ axis misalignment is most
likely caused by parameter variations, and it is possible at steady state operations.

A proper parameter identification for IM is critical to improve its overall efficiency.



Chapter 5

Induction Machine Parameter
Identification in Marine

Applications

In this chapter, the parameter variation and its identification are discussed in the
context of the induction machine (IM). The parameter variation and its identifi-
cation is a large topic. This chapter will be focused on the parameters that have
a significant effect in marine applications.

Rotor resistance R, is the most important parameter since it is sensitive to
temperature and also has a significant influence on efficiency. As Introduced in
Chapter 2, the IM field-oriented control (FOC) requires the slip speed information.
The slip speed is critical to the current loop d—q axis decoupling. Error in the slip
speed calculation will lead to a mismatched between the actual rotor flux and the
controller rotor flux. In this chapter, the causes and consequences of the machine
parameter variation are discussed. A method is proposed to find the rotor flux

misalignment angle. The method is based on an analysis on the d-q axis current.

5.1 Parameter Identification in Marine Applications

For the electric propulsion module on an MES, the parameter identification for

electric machines is significant. The reasons are listed as follows.

e Extreme working conditions: The temperature is one of the key factors

that would impact the machine parameters. The electric ship sails to various
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Figure 5.1: Russian nuclear icebreaker “Yamal” [154]

parts of the ocean, the large variation in temperature brings a challenge
to the machine controller design. Take the icebreakers (Figure 5.1) as an
example, they are required to work under the air temperature of —35°C —
30°C or the sea temperature of —1°C' — 32°C [153].

¢ Difficulty in maintenance: In many electric machine applications, their
robustness against parameter variation is gained through a routine of tuning
and maintenance. It is easier to run the parameter identification and tuning
offline than online. However, in marine applications, each operative term is
as long as weeks or even mounts. On-line parameter identification is more

applicable.

e Highly integrated propulsion systems: In the highly integrated podded
structure thrusters or the tunnel thrusters. Many traditional parameter
identification methods are not suitable where current injection or rotate the

machine with a prime mover are required.

5.2 Induction Machine Parameter Variation

In this section, a literature review about the IM parameter variation is carried out.

The rotor resistance R, and inductance L in the IM are discussed in particular.
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Their values changes with working conditions and environments, for example,

temperatures, frequency and magnetic saturation levels.

5.2.1 Rotor Resistance

Rotor resistance R, have a significant influence on the FOC. Its identification has
been linked to the sensorless control algorithm in many works [155-157]. Many
approaches have been proposed to find its actual value [158].

There are many off-line identification methods proposed for R,.. The method in
[159] measures R, with the machine disassembled. In [160], an electrical excitation
on the stator is used to find R,. A trial-and-error method is introduced in [161].

The “self-commissioning” is another kind of offline identification. In general
industrial applications, the PWM inverter that carries the control algorithm is
from one manufacturer while the target machine is from another. In that case,
once the inverter and the machine are installed on site, the inverter controller needs
to run a program to identify the machine parameter automatically [162,163]. This
test process is referred to as “self-commissioning”.

More works are focused on the online identification methods. The dynamic
slip estimator is proposed in [164,165]. In [166], a recursive method is developed
to find the machine speed and the rotor time constant. It is estimated in [167]
that the error of the other parameters should be kept below 10% to guarantee the
accurate tracking of R, according to the temperature change.

The extended kalman filter (EKF) based approaches are introduced in [168]
and [169]. The testing signal is not required in the EKF. Instead, the harmonics
of the inverter serves as the excitation. The rotor time constant is treated as the
“extended” state variable in addition to the stator and rotor currents, the esti-
mated results are applied to the FOC controller auto-tuning. The main limitation
of EKF lies in its strong requirement on the matrix calculation [170]. The matrix
becomes very complicated if there are multiple parameters to be identified.

Another important group of methods is based on the MRAS. In MRAS, a
system variable need to be defined. There must be two approaches to calculate this
pre-defined variable, with one approach contains the parameter to be identified.
By comparing of the computation results from two approaches, the parameter’s
estimated value is tuned until it reaches the final result. In [171-173] the chosen
system variable is the reactive power while in [174] and [175] it is the air gap
power. The drawback for MRAS is that the identification is model based so that
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Figure 5.2: Indirect FOC for IM

it requires the other parameters to be accurate [176,177].

5.2.2 Inductance

The inductance is another important parameter. In [178], the mutual inductance
is corrected with the information of third harmonic voltage in the stator winding.
Due to the saturation effect, the air gap flux is found with the third harmonic
component. In a continuous work [179], the rotor flux linkage A, is identified
under the same method. By comparing this X\r with the ), that calculated by the
voltage equations, the speed and mutual inductance are estimated simultaneously.

Although the rotor and stator leakage inductance L;; and L;. are considered
less important in the rotor flux orented controllers, they are consequential in the
air-gapflux-oriented control [180]. A method to identify L;s and L. through the

inverse stator transient inductance a (Equation (5.1)) is introduced in [181].

(5.1)

5.2.3 The Effect of Slip Speed Error

In the IM case, the FOC is introduced as an efficient and high-performance control
method. In most industrial applications, the indirect FOC (IFOC) is chosen since
it has less demand on the accuracy of the voltage and current measurement. The
system configuration for the IFOC is shown in Figure 5.2.

As shown in Figure 5.2, the decoupling of the stator three-phase current de-

pends on the slip speed (wg), which is the speed difference between the electric
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and physical speed. wy is calculated with Equation (5.2).

Lm isq

(5.2)

Wgl =
Tr  Adr

In Equation (5.2), the calculation of slip speed wg depends on the motor
parameters like the rotor time constant 7,., the magnetizing inductance L,, and
the rotor flux linkage Ag-. Among which, the rotor time constant 7, (calculated

with Equation (5.3)) suffers more influence due to parameter variations.

T = — (5.3)

where R, normally draws more attention than L,. A sensitivity analysis about

R, and L, is made in [182]. In steady state, the rotor flux linkage A, is obtained
with

Ar = L - igs (5.4)

In contrast to the mutual inductance, the leakage inductance is negligible, L,
is considered equal to Ljys. In that case, Equation (5.2) is transformed into
1 igs

Wsl = — =
Tr s

(5.5)

In conclusion, the rotor time constant 7, impacts wy and influences the torque
and flux through the d — ¢ axis current. Lj,; directly influences the flux, which
will also impact the torque.

Their relationship are revealed clearly with numbers. In [183], 100% change
is applied to both rotor resistance and mutual inductance. Result in Table 5.1

shows system is more sensitive about error in R,.
Table 5.1: Sensitive analysis on R, and Ly
R, +100% | Ly +100%

Torque change 1.2% 0.43%
Flux change 66% 8.3 %

In another perspective, R, it is significantly influenced by the environment.
The variation of R, can up to 100% due to a changing temperature [184]. In pa-
rameter identification of IMs, some literature would choose a full order observer

of all major parameters like L,,, L., R,, and flux [185]. However, as all the pa-



CHAPTER 5. IM PARAMETER IDENTIFICATION 107

rameters are coupled in the observer, the error is larger when multiple parameters
are estimated together. On the other hand, the estimation is more accurate when
a single parameter is estimated, while the rests are considered as constant [184].
In this approach, normally the rotor resistance R, is chosen as the one for esti-
mation,since the adaptive control based on a changing R, is more likely to show

more noticeable results.

5.2.4 Sensorless Control

The sensorless control and parameter identification are frequently discussed joint-

ly. Their correspondence is twofold.

e In a model-based sensorless control, the accuracy is dependent on the rotor

time constant 7.

e As discussed above, the parameter error affects the calculation of the slip
speed, which will lead to an error in the flux orientation. In sensorless
control, the rotor speed is also estimated. In that case, the rotor speed
estimation is equally important as the parameter identification. That is the
reason of the researchers in [186, 187] are searching for techniques that can

identify both at the same time.

5.3 Analysis on the IM dq Misalignment

In a controlled IM, the torque balance is always achieved even if the misalignment
exists.

In Figure 5.3, the stator currents I is decoupled by both the controller and
rotor reference frame.

WIth the slip speed that is calculated by the machine parameters including
R, (Equation (5.2)). It is impossible to eliminate the error angle 6., completely.
iq [ iq, iy / i; are different decouple values of I, their relationship is shown in
Equation (5.6).

1 cosf sinf lsq

Uy —sinf cos6 Tsd
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Figure 5.3: Induction motor dq angle misalignment

The 6., is decided by the torque balance. In other words, when dq axis are
misaligned, the motor is still operating with the torque balanced. Thus there is
only one possible angle error.

The torque balance means that the electric torque generated is equal to the

required load torque. The electrical torque T is calculated with equation (5.7).

3PL? ,,

Te = 7 LT ’Lqu

(5.7)

In equation (5.7), the 7 and i} are the actual dq current in the motor (shown
in Figure 5.3). When motor parameters L,,, L, and the torque condition T¢ are
considered constant, the product of 4;, and 4}, is constant. In equation (5.8), this
production is defined as K. Note that only the product of it’y and 4}, is fixed, the

specific combination of i; and i/, is also influenced by the FOC control parameters.

2L, T,
3PL2,

K =iyiy= (5.8)

With the value of K calculated, the actual value of i; and i, are hidden since
the accurate rotor flux direction is unknown. Replace them with 7, and i4 using

Equation (5.6), Equation (5.9) can be found. i, and i4 are easily read from the



CHAPTER 5. IM PARAMETER IDENTIFICATION 109

controller. As the response time of the current loop is much faster than the torque
balancing process, thus it is satisfactory to apply the reference values of i; and i}

as ig and i4.

sin (20)
2
In Equation (5.9), the only unknown factor is the error angle . It is found by

K =iy = (i2 — i3) + cos (20) igiq (5.9)

P

solving the equation.
In the next sections, simulation and hardware tests are performed to verify

the proposed method.

5.4 Simulation Results

In this section, a simulation is made with Simulink to verify the propoesd method.
There are normal condition and error condition where the rotor resistance R, has
changed. The parameters in the IM model are shown in Table 5.2.

The stator currents, rotor speed and torque are shown in Figure 5.4. The
working condition is set to a relatively higher speed and torque to give a better
demonstration of the influence of R, change. The motor acceleration starts at
t = 0s. Reference speed is set to 1200 rpm. At t = 3s, a 30 Nm load torque
is added. At t = 5s, the rotor resistance applied to the controller changes from
100% to 50% of the rated value within 1 second. A small torque oscillation can
be observed after the change.

With the given working condition, the dq axis current change is shown in
Figure 5.5. Stator current i, changes from ¢, = 20.77A to ¢y = 14.47A when R,
changes at t = 5s. Note that after R, changes, the controller reference frame is no
longer aligned with the actual rotor flux direction. To prove that, the slip theta
calculated with the d-FOC and i-FOC are compared in Figure 5.6.

The direct FOC (DFOC) and indirect FOC (IFOC) represents two approaches
to obtain the rotor flux direction when applying rotor flux oriented field-oriented
control.

In DFOC, the rotor flux ¢, and 1,3 are calculated through the stator current
and voltage. The rotor flux orientation is calculated as Equation (5.10). DFOC
is very sensitive to the error in the current or voltage measurements. In addition,
as the rotor flux angle 6, is found with a tan™' calculation, it make this method

unstable in experiment conditions. However, in simulation, such disturbance does
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Slip theta (rad)

Error (rad)

Table 5.2: Specifications of 15 kW induction machine
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Specifications Value
Rated power 15 kW
Stator voltage 415V
Stator current 28 A
Rotor resistance R, 0.2648 Q2
Stator resistance R 0.2788 Q
Stator leakage inductance L;; 2.814 mH
Rotor leakage inductancel;.  3.719 mH
Mutual inductancelL,, 89.240 mH
Moment of inertia J 0.7 kg.m?
Friction factor B 0.02 N.m.s
Pairs of poles 2

/
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Figure 5.6: Error in slip rotor position 0.,
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not exist. DFOC is suitable to find the actual rotor flux angle as a comparison.
On the other hand, iFOC is the common approach to find the rotor flux angle
in experiments. The angle is obtained by adding the rotor physical angle to the
slip speed angle (Equation (5.11)). In IFOC, wg;, is calculated with machine
parameters. when there is a parameter variations, the calculation result will be
mistaken, as shown in Figure 5.6. It is observed 6., continuously increase since
rotor resistance change in the controller at ¢t = 5 s, after about 2 seconds, a new
balance is reached at 6, = 0.288rad.

0. = tan™" (@) (5.10)
Yra
We =Wy * D + Wslip (5.11)
1
0. :gwe (5.12)

The misalignment currents are read in Figure 5.5, iy = 14.47 A, and iy =
5.603 A. Applying then to the proposed method in Equation (5.8) and Equation
(5.9),

K =116.76

The solution of Equation (5.9) is shown in Figure 5.7. The calculation result
Ocrr = 0.289 rad matches the actual angle error from the model reading, which
is B¢ = 0.288 rad. This simulation result proves that the proposed method is

practical in finding the misalignment angle.
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Figure 5.7: Simulation result: solution to Equation (5.9)
Intersect point: X(ferr)=0.289 rad, Y(K)=116.8

5.5 Hardware Test

The algorithm is tested on the 15 kW IM. The machine parameters are shown in
Table 5.2. The hardware setup is comprehensively introduced in Section 3.6. It

will not be repeated for conciseness.

5.5.1 Test Results Under the Default 7T,

The test condition is set to 1200 rpm, 30 Nm. The rotor time constant in the
controller is intentionally set to twice of the manufacturer provided value in order
to create a misalignment angle. K is calculated assuming that 7, is 31 Nm, and

i4, 1q are measured values from the controller. The test results are logged as,

oL T, ,
=Spps = 12062(4%)
iq =5.67(A) (5.13)
iy =16.81(A)

Figure 5.8 shows when the torque is balanced, the electrical angel error § under
different load conditions(represent as the different values of K). Solving Equation

(5.9) is in the same way of finding the cross point in this figure. The horizontal
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Figure 5.8: Hardware result: solution to Equation (5.9)
Intersect point: X(ferr)=0.1131 rad, Y(K)=121

line shows K = 120.6244053(A?), the solution is the intersection point of the two
curves. For an equation with trigonometric functions, there are multiple solutions.
However, as the error of the slip speed, 6 should be close to zero, the solution is

0 = 0.1131 rad, which is about 6.48° misalignment between two reference frames.

5.5.2 Test Results Under Various 7,

In another test under the same working condition, the rotor time constant in the
controller is intentionally changed to simulate the working condition where the
real rotor time constant is unknown. The torque balance is constant, i4, i, are
logged as follows. Result calculated shown in Table 5.3, where the T, column
presents how many times the rotor time constant is set as a ratio in contrast
to the value provided by the motor manufacturer. The calculated error angle is
calculated and transformed into an electrical degree. T)* is the time constant that
provided by the manufacturer.

Note that in this test, T, = 1 x T¥ does not lead to the smallest error angle.
That indicates that the value provided by the manufacturer is not accurate, or
the parameter has changed through time. Since the error angel is the smallest

when T, = 1.2 x T}, it is possible that the real value is close to 1.2 x T}F.

Lm Z.sq

(5.14)

Wsl =
Tr Adr
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Table 5.3: Estimation error angel with the proposed method

Tr/T} | id iq Error angle (degree)

0.5 5.987 | 36.99 | -4.320
0.8 0.977 | 24.92 | -2.880
1 5.501 | 19.92 | 1.439
1.2 5.971 | 19.32 | 0.900

1.5 5.921 | 14.6 | 15.297

On the other hand, one should note that the slip speed calculation (Equation
(5.14)) is also influenced by other parameters. When it is assumed that 7, =
1.2 x T is actual value. It is possible that it is the other parameters that changed
while the new 7, = 1.2 x T¥ compensates the change. In industrial applications,
the conditions are more complicated with more variables to be considered. It
would be challenging to identify them all simultaneously. In that case, applying
T, that identified with the proposed method would be a reliable approach to
improve the system efficiency.

Max torque per ampere (MTPA) is another important concept in industrial

applications. The “Ampere” in this context may calculated with

— . .
’ i ‘ = /i3 + 42
Another interesting finding in this chapter is that low angel error does not

lead to MTPA operation. In other words, the efficiency is actually higher in some

error conditions.

Table 5.4: Stator currents vector magnitude

Tr/T* |id  |ig m
1 5.551 | 19.92 | 20.69
12 | 5971 | 19.32 | 20.22
15 | 5921|146 | 1577
0.8 | 5977 | 24.92 | 25.63
0.5 | 5.987 | 36.99 | 37.47
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Compare experiments working in the same condition in Table 5.4. Test T, =
1.5 has the minimal total current. However, the angle error for the same condition
is very large due to analysis. This contradiction can be explained with Equation
(5.7). As electric torque is the production of iz and i,, from a mathematical
calculation, Max torque per ampere (MTPA) operation is achieved when i4 = i,
in that case, large angel error in 7, = 1.5 make the total current smaller.

In real applications, the MTPA requires more quantitative analysis. As in
marine, a large torque is required by the propeller, which indicate that the 7, is
large, on the other hand, the rotor flux linkage that generated by iy is bounded
by magnetic material saturation. That means in various working conditions, the

rule to determine MTPA strategy also various.

5.6 Summary

In this chapter, a discussion is made on the parameter identification of marine
IM applications. The slip speed calculation is very important and it demands an
accurate value of the electric parameters. R, is the most important parameter
in marine applications considering its sensitivity to environmental temperature
and its influence to machine efficiency. The R, identification methods are briefly
reviewed.

In the next section, the DQ misalignment issue caused by the error in R, is
analyzed. It is shown in that condition, the torque balance between electric torque
generated and required load torque are kept. In that case, with an active closed
loop controller, a new i, and ¢4 will be reached. A method is proposed to find the
misalignment angle 0., with the d-q current information.

The simulation is carried out to verify the proposed method. It is shown that
the estimated 0., matches the actual value found by the DFOC method. Next,
in the hardware test, the rotor resistance in the controller is intentionally tuned
to a error value, and the 6., is calculated under multiple conditions. It is shown
that 6y, is minimal when the T, is set to 1.2 times of the original value. That
implies a potential error in the parameter provided by machine manufacture, or
the parameter has changed through time.

In the next chapter, the parameter identification issue will be extended to the
PMSM. In the PMSM, there is no influence from the slip speed. The importance
of each parameter is reconsidered in the standard of marine applications. The

flux estimation through Luenberger observer is introduced. And the recursive
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least square (RLS) approach is implemented to identify four critical parameters

simultaneously.



Chapter 6

PMSM Parameter
Identification in Marine

Applications

The high-performance control of PMSM requires the accurate knowledge of ma-
chine parameters. In industrial applications, although the motor parameters can
be obtained through multiple approaches, it is difficult to find the accurate param-
eters in various operating conditions. The resistance changes with temperature,
inductance is influenced by the saturation level of the current. A small parameter
variation will affect the controller performance, while a large one will make the
whole system unstable. In the sensorless control, a parameter error will lead to
an error in position estimation.

In this chapter, the discussion will be focused on the marine applications, the
key parameters in marine PMSM are discussed. The inductance Ly and L, stator
resistance R, and rotor flux 1 are the most important parameters to be identified.
To begin with, a rotor flux v estimation method through a Luenberger observer
is proposed. It is verified with hardware test. Next, a full order parameter (d,q
axis inductance, resistance, and flux) identification by the recursive least square
(RLS) method is proposed. The d-axis perturbation is introduced to overcome
the deficiency of data. The selection of the forgotten factor is discussed. The
results show that the Ly, Ly and flux can be estimated with some error. However,
the resistance estimation cannot reach a satisfying outcome. The potential causes

are discussed.
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6.1 Background

In this section, the issue of PMSM parameter variation is discussed. Next, the
importance of each parameter in marine applications are introduced. In the end,
some PMSM parameter identification algorithms are reviewed.

6.1.1 PMSM Parameter Variations

The mathematical model for the PMSM is shown in Equation (6.1) [53].

d: _ 1 R h .
dild = 1,Vd Ldzd—i- Ty PWmlq
dy 1, _ R, _Lg L Apwm 6.1
dt'a = ;% — T,ta — T,P¥mld — T, (6.1)

Te = 1.5p[Xig + (Lg — Lg)igiq]

where Ly and L, refer to the d and q axis inductions, respectively. R refers
to stator resistance. iy and ¢, are the stator currents of d and q axis. wy, is the
rotor mechanical speed in rad/s. A is the rotor flux linkage that generated by the
permanent magnet. It keeps constant in normal conditions and only affected by
saturation of the magnetic material. p is the number of pole pairs.

In practice, some of the parameters that provided by the manufacturer are not
accurate. In addition, their values may change slowly depending on the working
condition [188]. The causes for parameter variations and their risks are summa-
rized in Table 6.1.

Table 6.1: PMSM parameter variation and its affects [189]

Working Conditions Parameter affected Risk

Resistance Current loop fail

Temperature
) Efficiency
Rotor flux linkage

Permanent demagnetization

Current rating

Inductance(due to saturation)

Current loop fail

Coupling, friction

Inertia, friction factor

Speed loop fail
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The parameter identification techniques are proved to be an effective approach

to enhance the controller performance and reduce the risk [189].

6.1.2 PMSM Parameter Variations in Marine Applications

There is a wide implementation of PMSM on electric ships that have been intro-
duced in the literature [190-192]. In marine applications, the PMSM parameter
identification is equally essential as IM. Part of the reasons is similar with the IM
that reported in Section 5.1. For the PMSM, the inductance L, and L, stator
resistance R, and rotor flux ¥ are chosen as they are particularly important in

marine applications. The reasons are listed as follows.

Inductance Ly and L,

Inductance Ly and L, are important to the interior PMSM (IPMSM). It is intro-
duced in [193] that IPMSM have many advantages over other PM Motor struc-

tures.

e Firstly, building an SPMSM requires larger airgap for mechanical safety con-
cerns, especially in marine applications where the power ratings are usually

huge. On the other hand, the air gap in an IPMSM can be made smaller.

e Secondly, the PMSM design must be robust against the demagnetization in
ships. For the SPMSM., it can only be achieved by using thicker magnets, as
for the IPMSM, an additional path for the armature winding can be applied

for protection.

e Lastly, magnets in an IPMSM are not placed on the surface. It is safer
against physical damages. Additionally, such structure makes it less vulner-

able to the corrosion on the ocean [194].

Rotor Flux 3 and Stator Resistance R,

The rotor flux 9 has always been an important parameter to all PMSMs. In elec-
tric ships, it is essential for the torque controller design and the demagnetization
protect.

The stator resistance R; is selected due to its sensitivity against temperature.
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6.1.3 PMSM Parameter Identification Algorithms

The parameter identification of PMSM is presented in many litertatures. The
methods can be categorized as the off-line and on-line methods. The off-line
methods measure the machine parameters during standstill. Results are easier
to find in this way. The off-line signal injection methods can be designed more
aggressive since the motor operation is not taken into consideration. On-line
parameter identification is more difficult since most of the parameters are coupled
when the motor is operating, when a failed estimation is applied to estimate
the other parameters, the results would be influenced. However, since motor
parameters change in various working conditions, on-line estimation results are
more valuable for the motor drives.

An inductance estimation method based on a locked rotor approach is pro-
posed in [195]. The saturation and the cross magnetization effects in an interior
PMSM is considered as the primary cause for the inductance variation. Signals
are injected to both d and q axis to find the parameters for an ideal two-axis ma-
chine model. A similar method is proposed in [196] regarding on the synchronous
reluctance machine. Parameters are found by analyses on two axis signals. In
addition, a simpler mathmatical model for the synchronous reluctance machine is
proposed. Finite element analysis (FEA) is also an excellent off-line approach to
find the parameters [197]. It is also possible to find a table of changing parame-
ters in various working conditions (voltage, current, etc.) through the FEA. By
lookup table, the controller can work as the parameters are identified on-line [198].
In [199], the signal injection method is introduced to a PMSM at standstill.

Most on-line parameter identification approaches are focused on the resistance,
inductance and rotor flux linkage. Among which the rotor resistance has drawn
most attention since it greatly influences the performance of the sensorless con-
troller [200,201]. It is proved that the adaptive resistance is also essential to the
flux estimation [202]. In [203], the rotor position error is estimated and used as
a feedback signal to estimate the resistance and flux. In extra low-speed working
conditions, the estimated resistances are applied to achieve a more accurate speed
estimation [204]. There are also on-line parameter identification approaches that
designed for the inductance alone. It is proved that a more accurate inductance
can improve the current controller performance [205].

Several attempts have been made to identify all the parameters simultaneously

with a full order observer. The full order observer algorithm requires exceeding



CHAPTER 6. PMSM PARAMETER IDENTIFICATION 122

calculation. At the same time, the convergence of the algorithm is not promising.
The Full order observer for PMSM cannot work without current perturbations,
since it is rank-deficient for the steady state machine model to estimate more than
two parameters [133,206,207]. Mostly, perturbations are introduced on the d-axis
current, since in PMSM controller the rotor flux is decided by the built-in magnet,
the d-axis current is normally set to zero.

As in observer algorithms, modern control theories are introduced, like the
RLS, the extended kalman filter (EKF), and the MRAS. The RLS algorithms
are applied in multiple papers. In [208], a full order observer is designed. The
estimated parameters are the d and q axis inductance, flux linkage and rotor
resistance. A double-observer loop structure is introduced to solve the convergence
issue. A fast loop is made to estimate the inductance, while the slow loop is
for the flux and resistance since the temperature change ratio is much slower
than the electromagnetic changes. In the RLS observer, assuming one of the
parameters as constant can significantly reduce the calculation complexity and
increase estimation accuracy. In [209], the rotor flux is considered as constant,
other parameters are observed in a IPMSM. On the contrary, the rotor flux is the
focus in [128].

There are other mathematical methods applied to the identification except for
the RLS. In [210], EKF is chosen due to its high tolerance against measurement
errors. The winding resistance and the flux linkage are identified independently.
Simulation results are shown. A MRAS-based estimation method is introduced
in [201]. The stater resistance is estimated on-line to ensure low-speed operation
performance. Another online method is proposed in [211], where an auxiliary
measurement of the power and torque information is applied to achieve a better
estimation performance.

Beside the electric parameters, there is literature focus on the mechanical
parameter identification. The methods normally apply to both interior PM and
surface-mount PM [212]. A mass identification method is proposed in [213], and
an adaptive controller is applied to the linear PMSM servo drive regarding on the
changing plant parameters. In [214], an artificial-neural-network (ANN) based
method is applied to improve the speed loop performance adaptively. The ANN

is updated by an online training model in a wide range of operating conditions.
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6.2 Rotor Flux Estimation with Luenberger Observer

For all the PMSMs, the rotor flux is generated by the permanent magnet that
placed in the rotor. The value of the rotor flux is essential for the calculation of
the electric torque output. If the stator current is decoupled into a d — g reference
frame, the electric torque for the PMSM is shown as Equation (6.2) [53].

3 Ly .

Te = inpflq‘g@ (62)

In Equation (6.2), ® is the rotor flux. It is depended on the physical property
of the permanent magnet. With its help, the assignment of d-axis current 74 is not
necessary anymore, i.e. igry = 0. That will lead to high power and mass density
for the PMSM. For some other occasions, a positive value of ¢4 is introduced to gain
maximum torque per ampere operation, or a negative iy to decreasing the rotor
flux by stator to counter large electromotive force (EMF) in high-speed [215]. The
proper knowledge for rotor flux induced by the magnet is essential for advanced
control of PMSM.

The off-line measurement method for rotor flux is introduced in Section 2.3.3.
However, the rotor flux may not keep constant in various working conditions. Ad-
ditionally, some requirements for off-line measurement method cannot be fulfilled
once the motor is installed. For example, the rotor needs to be driven by external
torque and reaches a specific speed, and the back-emf curve needs to be captured
by an oscilloscope. Thus, online rotor flux estimation method is necessary and
practical.

In this section, the rotor flux estimation method through Luenberger observer
is proposed and tested. The equations are derived, and the estimation results are

compared with the off-line measurement results.

6.2.1 Mathematical Model and Configuration Diagram

The mathematical model for PMSM is shown in Equation (6.1) [53].
With Equation (6.1), define state = as Equation (6.3).



CHAPTER 6. PMSM PARAMETER IDENTIFICATION 124

( idvg (—I- B —®| Sum [——®| 1/ —b-

Figure 6.1: Rotor flux Luenberger observer

The state space model is rewrite as Equation (6.4).

—Rs  —we 1 —Lgwe Vv,
pride Lo Lo |y | La (6.4)
0 0 0 0 4
Define system parameter matrix A, B and system input u.
=R —We i _dee ‘/;]
A=|" Bl B=|" Pl u= (6.5)
0 0 0 0 iq
A Luenberger Observer can be written as Equation (6.6).
Z(t) = Az(t) + Bu(t) + L(y(t) — Cz(t)) (6.6)

In rotor flux estimation perspective, y(t) and Cz(t) are the actual and estima-
tion value of ;. The diagram for the same configuration is shown in Figure 6.1.

Matrix L is designed to control the dynamic response of the observer.

6.2.2 Hardware Test Results

The hardware test is carried out on the 3 kW PMSM test rig since it is an IPMSM
machine. Its introduction is in Section 4.6.1. The hardware setup is remained the
same with Chapter 4 and it will not be repeated.

The working condition is shown in Figure 6.2. It is set to steady state operation
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Figure 6.2: Working condition for Luenberger observer test

of 900 rpm, with a load of 9.5 Nm added to the machine. The load is added to
increase the stator current from the inverter, since the inverter current sensor’s
resolution is limited when in low current.

The rotor flux estimation result is shown in Figure 6.3. This estimation suc-
cessfully converged to a constant value, which is around 0.21Wb. The rotor flux
calculated with the off-line back EMF test is 0.197Wb (Section 2.3.3), it is shown
in a red line in Figure 6.3. The error between them is 6.5%. There are two factors

that may lead to the difference.

e As there is no external torque supply on the other end of the test machine,
the back-emf test requires to run the machine to a certain speed with the
normal inverter, than break the circuit and connect the stator ends to the

oscilloscope. The back EMF testing result may not be accurate.

e The Luenberger observer is highly parameter dependent. Additionally, it
requires the accuracy of the current measurement, which is plausible in this
test.

The robustness of the observer is tested with three major parameters Lg, L,
and R changed. The results are shown in Figure 6.4 to Figure 6.6. For each one,
the parameter variation does not happen in the machine, which is very hard to
realize in hardware tests. Equivalently, the parameters applied to the observer

are intentionally increased 50% higher than the actual value.
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Figure 6.3: Luenberger observer test result
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Figure 6.4: Luenberger observer robustness test: Ly
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Figure 6.6: Luenberger observer robustness test: R
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The test results show Luenberger observer has high overall robustness against
inductance variation on both d and q axis. When stator resistance changes, the
estimation result drops from 0.21 Wb to 0.207 Wb. Among the three parameters,
R changes with temperature most. Temperature is most likely to change in
various working conditions. The robustness test results explain the reason for the

error in Figure 6.3.

6.3 Online Parameters Identification with RLS

Estimation of multiple parameters at the same time is a more challenging task.
In a full order observer, all the parameters are estimated as a vector from matrix
calculation. In that case, error in one parameter may influence the other. At the
same time, more system working conditions are required for the on-line parameter
identification Take the RLS method as an example, a perturbation is necessary.
It should provide the most data to the estimation algorithm while casting the
least influence to the normal system operation. In spite of this, the estimation of
multiple parameters simultaneously still have more constraints.

In this section, the RLS method is applied to estimate the PMSM parameters.
The purpose is to estimate d and q axis inductance, rotor resistance and rotor flux
at the same time. The introduction of the RLS algorithm is given, the equations
are derived for the implementation on PMSM. Then simulation and hardware test

results are shown.

6.3.1 A Brief Introduction to the RLS Algorithm

The RLS method is based on the least square (LS) algorithm. By a certain
number of measurement on system input and output, the system parameter can
be estimated. The least square is focused on the calculation of a certain time
period. Comparatively, RLS is designed to work under online estimation tasks.

For a system described in the form of Equation (6.7) [216].

Y = o6 (6.7)

where Y presents the system output while ® is the measurement vector. 6 presents

the parameter vector that require estimation.
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¢ = [@17 ©2,P3, " ka]T (68)
Y = [yla Y2,Y3, - yk]T (69)

The LS cost function can be defined as Equation (6.10). The aim of the

algorithm is to find vector 6 to gain minimal value of V.
L
V=35> (g —0i) (6.10)

2
k=1

The solution of the equation can be given as
Ot = (BT - @) 1. 0T .Y (6.11)

To change the LS algorithm can be considered as an RLS algorithm at a
particular time point. However, for RLS the results from the previous time also
need to be taken into consideration. The LS at a particular time k can be written

as

Oestiry = (Plry - i) ™" 04y - Yoy (6.12)

Define Fi;,) = (CID%';C) “ @), as @y = [®_1) k), Equation (6.13) can be

derived.

Fay = (D - ) = (1) - Pm) + 90 P(k) = Fir—1) + o0y (6:13)

Next, the equation for 6.4 ) can be found in Equation (6.14).

Ocst(k) = F(;)l Firy Oest(k—1) — o) - (P%;g)-eest(k—l) + V) Y ] (6.14)

Thus, the time related RLS algorithm can be written as Equation (6.15) [216].

—1
Ocst(ry = Oest(k—1) + iy 206 k) — Plgy  Oest(k—1)) (6.15)

Fay = Fle—1) + @) - 9y
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Introduce the forgotten factor A to set the different weights to the present
time data and the previous time data. The final equations for RLS are shown in
Equation (6.16).

Ocst(k) = Oest(k—1) + K(x) - €y

T
€(k) = Y(k) ~ Plk) * Dest(h—1) (6.16)

Ky = Plr—1) - 2(e) A - In + {3y - Ple—1) - P (1))
Py = [In — Ky - 9{1) - Pre—1)/ A

6.3.2 RLS for PMSM Parameter Identification

Applying the RLS algorithm to PMSM parameter identification, the vector and
matrix are shown in Equation (6.17), where w, is the electrical speed of the motor.
It can be calculated by multiplying the number of pole pairs and the mechanical
speed w,. Estimated Kr is the rotor flux linkage, as A refers to the forgotten

factor in the first place.

Lq
V. Ly 0 Welg g W
v=| ", 0= ol = o (6.17)
Vy Ts —welqg 0 ig O
Kt

RLS as a full order observer estimates all four parameters at the same time.
The condition of observer convergence is strict. Adding perturbation is very
important.

Take this PMSM parameter estimation as an example. There are more state
variables contained than the number of equations. This data deficiency cannot
be overcome by methods without introducing a new operation model. Here the

d-axis current i4 is set to 34 £ 2A for 0.03 second at each state.

6.3.3 Simulation Results

The simulation is carried out to verify the performance of RLS on PMSM. The sim-

ulation is realized on Simulink. Matrix calculation is performed in an S-function.
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Table 6.2: Specifications of 7.7 kW PMSM

Specifications Value
Rated current (A) 27.7

Rated speed (rpm) 3150

Rated torque (Nm) 31.8

Inductance L; (mH) 1.089
Inductance L, (mH) 2.606
Measured Resistance R, (2) @Q150Hz 0.176
Inertia J (kgm?) 0.012
Calculated PM Flux (Wb) 0.18

Pairs of poles 3

The parameters for the 7.7 kW PM machine are applied to the model, shown
in Table 6.2.

The working conditions for the parameter identification are shown in Figure
6.7 and Figure 6.8. The machine is accelerated to 900rpm in a no-load condition.
After the speed is stable, a load torque 1T, = 5Nm is added at ¢t = 1s. A small

speed spike can be observed in Figure 6.7.

As discussed in Section 6.3.2, perturbation is required for RLS algorithm. In
the simulation, iq is set to 3A & 2A, while 4, follows the speed controller output.
The current loop tracking is shown in Figure 6.8. It can be observed that i,
oscillates with the perturbation in 4.

The parameter identification results are shown in Figure 6.9. The rotor speed
is shown in Figure 6.7 and the dq axis currents are shown in Figure 6.8 . The
results show that the L; and flux have the most stable estimation, while the
estimation for L, and R, has a large error in a no-load condition. After adding a
5 Nm load, L, and Ry starts to converge, and a small error still remains.

For the RLS algorithm, there are two factors that significant to the identifica-
tion results. One is the perturbation, and the other one is the forgotten factor.

In this simulation, the perturbation is introduced to the d-axis current (Figure
6.8). If the perturbation is removed, i.e. set iz = 3A in constant. The estimation
results are shown in Figure 6.10. It is proved that RLS cannot converge to a

constant value, all four parameters’ identification have failed.
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Figure 6.9: Simulation for RLS: identification results 1
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( Failed due to no perturbation is introduced to iq)
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Figure 6.11: Simulation for RLS: identification results 3
(failed when forgotten factor is set to A = 0.9, normal value is A = 0.99)

The forgotten factor is the parameter that describes the recursive character in
the RLS. A in Equation (6.18) presents forgotten factor. It is a value between 0
and 1. The larger A leads to less historical data influence on the final result. For
a well identified result in Figure 6.9, A = 0.99.

Ocst(k) = Oest(k—1) + K(x) - €

T
€(k) = Y(k) ~ Plk) * Vest(h—1) (6.18)

Ky = Plr—1) - 2(e) A - In + {5y - Ple—1) - #(1)]
Py = ln = Kry - (1)) - Py /A
If X is set to 0.9, the identification results are presented in Figure 6.11. L, and
L4 estimation have more error than the A = 0.99 result. For R, the error become

very large.
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6.3.4 Hardware Test

Same as the Luenberger observer test (Section 6.2), the Hardware test is carried
out on the 3 kW PMSM test rig introduced in Section 4.6.1. The test is carried
out when the speed and torque are stable. The working conditions are shown in

Figure 6.12. The perturbation iy is shown.
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Figure 6.12: Motor working condition during RLS estimation

The estimation results are shown in Figure 6.13. In contrast to simulation
results, these hardware identification vectors are converged. The estimated value
of Lg is very accurate, Lq and flux is estimated with some error, and the estimated
flux seems close to the Luenberger observer estimated result (K; = 0.21). At the
same time, the resistance cannot achieve a satisfied estimation. One possible rea-
son is that the current signal resolution is not high enough. The Semikorn inverter
build-in current sensor ADC has a range of 1200 A with 12 bits digital output
(4096 digits), which leads to approximately 0.29 A/digit. If the current sensor
resolution can be increased in a future test, the RLS results can be improved.

The forgotten factor is crucial for the estimation. Generally speaking, it re-



CHAPTER 6. PMSM PARAMETER IDENTIFICATION 137
4 1072 Lg Result (H) 4 1072 Ld Result (H)
3 3
2 2
1 1 ) N
0 0
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)
Rs result (Ohm) Phi result (Wb)
0.5 0.5
0.4 0.4
0.3 0.3
0.2 027 I ]
fﬂ‘wﬂ“-\w"‘“k,w
0.1 | A 0.1
0 0
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)
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Figure 6.14: Parameter identification results for RLS: Forgotten factor=0.99

flects how the algorithm deal with noise, and how fast its response to the dynamic

change. There are no quantitative rules to decide the value, in the simulation,

A = 0.99 lead to a better result, however, the same value may not working well

in hardware test. Generally speaking, hardware environments are more strict to

simulation. Accuracy is sacrificed for higher robustness.

The forgotten factor should go closer to 1 for a system that contains more
noise. The forgotten factor of A = 0.999 and A = 0.99 are tested. From the

estimation results, A = 0.999 is a better choice. Results of A = 0.99 are presented

in Figure 6.14, the identification results suffer from both large oscillation and

error. None of the parameters is successfully identified.
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6.4 Summary

In this chapter, the parameter identification issue for the PMSM is discussed. The
key parameters in marine PMSM are compared.The inductance Ly and L, stator
resistance Rg, and rotor flux ¢ are identified as the most important parameters.

An offline method to measure rotor flux is introduced in Chapter 2. In this
chapter, two online identification methods are introduced, namely the Luenberg-
er observer, and the recursive least square (RLS) approach. The mearsurment
and two online identifications are made on the same hardware, their values are
compared, and the possible reasons for the differences are discussed.

For the rotor flux Luenberger observer, The equations are shown, and it is
verified with hardware test. There is an error of 6 % between the flux estimation
result and the measured flux. In addition, the robustness of the Luenberger
observer against errors on the other parameters is very important. In this chapter,
the Luenberger observer is tested with 50 % error is added to the inductances Ly,
L, and resistance Rs. The hardware results are shown to give an explicit view of
the influences.

Lastly, the observer based on the RLS method is introduced. This method can
identify Lg, L4, Rs and 1 at the same time. The equations are shown, the design
of ig perturbation and the forgotten factor is discussed. Then the algorithm is
verified on simulation. It shows that the estimation results are promising with
properly setting of forgotten factor and perturbation. However, in the experiment
results, the rotor resistance Rs cannot be identified properly. This differs from the
simulation is most likely caused by the noise or error in the measurement of the
input signal. In the simulation, Rs is the most sensitive one among the identified
four. It can be regarded as the small error in simulation amplified by the noise
when it goes to hardware test.

In chapter 7, the conclusion of this thesis is drawn. The future works for all

chapters are proposed.



Chapter 7

Conclusions and

Recommendations

7.1 Conclusions

On the SPS, a majority of energy generated is consumed by the propulsion system,
in particular, by the electric machines in the main thrusters and the azimuthing
thrusters. It is legitimate to say that the design of electric machine drive in
marine applications is significant to the overall performance of the MES or the
future AES.

The Optimal reset controller (ORC) is introduced to the speed loop tracking
to improve the dynamic response of the electric machines. ORC is considered as
a combination of a base linear controller and an optimal controller. In industrial
applications, the FOC scheme with a PI controller is still one of the most wide-
ly implemented approaches. In such a system, ORC has been introduced as an
add-on to the existing PI controller to improve its dynamic performance. The
procedures of implementing the ORC are presented in detail. After simulation,
HIL and hardware tests, it is proved that the ORC relatively improves the sys-
tem performance in speed loop trajectory tracking. The overall tracking error
is reduced, and the overshoots are almost completely eliminated. The sudden
load change is another challenge in marine applications. On a continuous test,
the speed variation that induced by sudden load change is also suppressed by the
ORC.

Sensorless control for an electric machine is another topic that discussed in

this thesis, especially for the PMSM. There are two reasons why PMSM sensor-
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less control is more important than that for IM. First, PMSM is known for its
high power density and efficiency. In marine applications, many working environ-
ments that suitable for PM machines are compact in space (e.g. tunnel thruster,
podded propeller). It is impractical to install speed sensors in many applications
considering difficulties in manufacturing and maintenance. Secondly, the rotor
flux in a PMSM is dependent on the rotor physical position. As a result, the
misalignment in the identification of rotor position leads to an efficiency reduce.
Lastly, introducing the FOC with a wrong flux direction increases the risk of
permanent demagnetizing. Chapter 4 focuses on the starting period of a sensor-
less controller. A smooth transition method is proposed to prevent the current
overshoot, the physical vibration, and noise during the startup process of a closed-
loop sensorless FOC. The stage before (open loop start) and after (sensorless FOC
based on back-EMF) the transient is investigated and analyzed. Thorough hard-
ware test results are provided to analysis the PMSM sensorless start issue and
test the proposed algorithms.

The machine parameters are varying according to the working conditions and
environments. The manufacturer generally provides a set of parameters that
measured through off-line tests in laboratory conditions. However, the mechan-
ical parameters require calibration every time when the machine is installed. In
addition, the electric ones require on-line identification since their values change
with working conditions. Since many modern control algorithms are model based,
their robustnesses against parameter variation are usually required. In the marine
IM, the parameter identification case is more specific. The rotor time constant
7, has a direct influence on the calculation of the slip speed in i-FOC. Although
the dq axis misalignment is caused by a 7, variation, the torque balance is still
achieved (similarly, torque balance is also a key to analysis the PMSM behaviour
upon an open loop start in Chapter 4). A method is proposed to calculate the
error angle with the ¢, and iy measured in the new torque balance. The proposed
method is verified by both simulation and hardware test.

For the PMSM, the flux estimation technique with a Luenberger observer is
tested. The estimation results are compared with the measurement value. How-
ever, to achieve more accurate result with the Luenberger observer, the accurate
knowledge of the other parameters are required. A robustness test is carried out.
Next, a full order observer based on RLS is implemented on the PMSM. In con-
trast to the previous works, the selection of the forgotten factor and the injection

of perturbation signal is discussed. The simulation identified all the parameters
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successfully. In the hardware test results for stator resistance is not satisfactory.
It is most likely caused by the inevitable noise in the current sensor. The noise
signal is considerably amplified by the matrix calculation in RLS, which makes it

difficult to implement in hardware.

7.2 Recommendations for Future Research

There are several interesting orientations that worth pursuing beyond this thesis.

They are listed as future work due to time limitations or hardware constraints.

A. Hardware in the loop test

The HIL test is a helpful tool to test machine controllers. Researchers that
choose HIL test normally value its safety or flexibility. However, there is another
benefit about HIL test that commonly got overlooked.

Many algorithms that work perfectly in the simulation may fail at a hardware
test. The reason may be complicated and coupled. As a test plan that combines
hardware and simulation, running hardware in the loop test can provide more
information to the researcher. Take the RLS parameter identification method as
an example. The identification fail in hardware test may be caused by noise, DSP
calculation capacity or the error is in the parameter provided by the manufacturer.

Running an HIL test can tell more.

B. The ORC with time variant reset-intervals

ORC resets the linear integrator state in a constant time intervals. Given
the characteristic of each controller: for longer reset time interval, the controller
performance is closer to the base linear controller, while shorter reset time means
that the ORC have more influence to the system and better dynamic response is
achieved.

If the time interval can be set to time-variant according to various control
stages, the performance of ORC will be improved. However, the criterion to
determine reset interval is hard to define. Additionally, the stability analyses are

required in that case.

C. Further improvements on the smooth transition method

Simulation and hardware test results in Chapter 4 has proven that the smooth
transition method is better than the direct transition. However, it is also observed
that when the decreasing i, is close to the setpiont value, and the error angle

decreases dramatically until finally reaches zero. This phenomenon is shown in
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the red boxed time period in Figure 7.1. If the changing ratio of i4 can be reduced

in the red boxed section, the mechanical performance of PMSM can be further

improved.
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Figure 7.1: Simulation result on g-axis current and angle error

A potential approach is adding a compensation loop so that the i, decreasing
ratio is limited in the “red-boxed” period to avoid the sudden change in rotor
error angle. In addition, as an industrial application, the current measurement

accuracy brings more challenge to this research.

D. Continuous work on rotor time constant identification with the
proposed method

The rotor time constant variation is mostly contributed to the change in ro-
tor resistance R,. On the other hand, although the influence on inductance L,
is minimal, it cannot be ignored. Further analysis would focus on the various
working conditions of the machine. In addition, if there is an efficient method to
solve the equation contains trigonometric function, the proposed method can be
developed to an on-line identification algorithm. Continuous work will be carried

out in the future.

E. The effect of magnetization saturation in the PMSM parameter

identification
The parameter identification for the PMSM is introduced in Chapter 6. The

identification results show that the stator resistance Ry is not well identified, while
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Figure 7.2: Pulse voltage test results on PMSM inductance

the results of L4, Ly and A suffer a small error. The most probable cause is within
the noise in the current signal collection.

In addition, there may be other factors affecting the hardware test result.
It is assumed that Ly, L, are constant during the test. However, they may be
influenced by the saturation effect and vary according to the current levels. This
can be proved by another test that carried out on the 3 kW PMSM test rig.

This test is enlightened by the double pulse test that is popular in the power
electronics topics. However, the second pulse is not necessary. An IGBT switch
is connected in phase to phase on the PMSM. Experiment set up is shown in
Figure 7.3a. A pulsed voltage of 600V, duration of 200us is given. The current
is logged with an oscilloscope, each screenshot represents the experiment result
of a particular rotor angle. One of the total 13 oscilloscope screenshots is shown
in Figure 7.3b, the section 'a’ to b’ (labeled in two cyan vertical lines) shows
the current variation through time, i.e., %. The inductance is found with the

relationship between voltage and current.

1di
L=-—
v dt

This test is performed under standstill. Since the inductance Lg, L, for interior
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PM are rotor position dependence, multiple tests are made, and experiment results
are logged. Results are plotted in a 3D-form, shown in Figure 7.2. This plot shows
the inductance within a current range of 0A to 80A, the rotor position range of
0° to 120° in physical angle. Maximal value of 120° is chosen since the machine
has three pole pairs. Which means the cycle for inductance variation is 120°.
Obviously, the inductance is not constant in the test result, showing that in the
parameter identification tests, the current level is possible to influence the result.
More knowledge about machine design and magnetization saturation is required

to investigate this result. It would be an exciting area to explore in the future.
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