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PREFACE

The spread of renewable energy sources and electric vehicles is increasing thanks to the
greater awareness of the climate problems due to the large and long-lasting use of the non-
renewable energy sources. At the Paris climate conference (COP21) in December 2015, 195
countries adopted the first-ever universal, legally binding global climate deal. The action plan
defines a long-term goal of keeping the increase in global average temperature below 2°C
above pre-industrial levels. Governments agreed to come together every 5 years to set more
ambitious targets as required by science. Huge financial investments, hence, have been and
will be allocated in order to promote further efforts in this direction.

The power converters are the technology that enables the interconnection of different
players (renewable energy generation, energy storage, flexible transmission and controllable
loads) to the electric power system. The integration of renewable energy sources to the power
grid, however, poses significant technical challenges, since it drastically changes its topology
and nature. In fact, while the traditional power generation system is centralized and the power
flow unidirectional, the renewable energy is distributed and intermittent. The
uncontrollability of the renewable energy source is a cause of fluctuations of the generated
power in terms of voltage and frequency, which is problematic to deal with in a power grid
where synchronous electrical machines are leaving place to static converters, which cannot
guarantee the same robustness to those fluctuations due to their lack of inertia. Great concern
is also due to the harmonic distortion that comes from the increase of power electronic
devices connected to the grid. For all these reasons, great efforts are devoted in the design
and control of grid-connected converters, which can improve efficiency, reliability and
flexibility of the new smart grid.

The use of Power Conditioning Systems (PCSs) can be extended to motor drive
applications as well. For example, it has been verified that the performance of the induction
machine improves if it is fed from stator and rotor sides by two separate inverters. The rotor-
side inverter, which operates as PCS, allows compensating the rotor reactive power and
introduces an additional degree of freedom in the control scheme. The same principle can be
applied to squirrel-cage rotor induction machines with open-end stator windings. Initially,
the open-ended configuration was developed for permanent-magnet synchronous machines

to reduce the current ripple in high-speed applications. It is then clear how, the same




technologies, used to improve the flexibility, reliability and power quality of the power grid,
can be usefully applied to motor drive applications in order to improve the performance and
the quality of the currents.

In this PhD thesis, different control systems for power converters have been developed for
grid-connected and motor drive applications.

In Part I, the operation of Active Power Filters (APFs), used working as power factor
corrector and harmonic compensator to improve the power quality of the grid has been
investigated. Particular attention was paid to the study of the current controller, which
represents the core of an APF. On this topic, according to the state of the art, the most
performant current controllers are represented by the resonant and repetitive controllers,
which have been studied and tested on a laboratory prototype of APF.

A problem that has been investigated in this PhD work is the exploitation of the DC-link
voltage of the APF, in the case of voltage overmodulation or current saturation, when the
reduction of the high frequency harmonics is performed by an array of resonant controllers.
In this regard, three different saturation algorithms have been proposed and tested, with the
goal to improve the overall performance of the filter in this critical condition while ensuring
an adequate stability margin.

In Chapter 1, the study and development of the control system for an APF has been
developed. The main issue related to this application are the synchronization with the grid,
the control of the floating capacitor and the current control.

In Chapter 2, the current controller for an APF is investigated. In particular, two different
kind of current controllers, the resonant and repetitive controllers, have been compared in
terms of performance, stability and implementation issues.

In Chapter 3, the problem of the saturation of a multi-resonant controller has been under
study.

Although it is believed that the theory of PCSs can be applied only in grid-connected
applications, it can lead to remarkable results also when the voltage source are the
electromotive forces of an electric motor.

In Part 11 of this thesis, the control system developed for an APF has been applied to three
kinds of electrical motors in open-end winding configurations. This configuration, in fact,
allows the additional power converter to work as power factor corrector and harmonic

compensator, making possible to extend the constant power speed range of the motor and to




work in linear and overmodulation zones, without compromising the quality of the motor
currents.

In Chapter 4, a general mathematical model for an open-end winding motor has been
developed and, based on this study, the control system for this drive has been tested on three
different electrical motors, such as:

e Induction Motor (IM) in Chapter 5,
e Surface Permanent Magnet Synchronous Motor (SPMSM) in Chapter 6,

e Synchronous Reluctance Motor (Sync-Rel) in Chapter 7.

Finally, the conclusions are drawn and the results discussed.
The main contributions of this PhD work can be summarized as follows:

e development of control systems for repetitive current controllers, where the effects of
the delay, introduced by the discretization process, on the performance and stability
of the system are highlighted;

e development of saturation algorithms in multi-resonant current controllers for the
optimization of the DC-link voltage;

e development of control systems for induction, SPM and Sync-Rel motors in open-
end windings configuration, which allows one to improve the drive performance over

all the speed range.
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Chapter 1

ACTIVE POWER FILTER

The issues of grid connected converters are similar despite the differences of the
applications, such as PV power systems and wind power systems [1]. These common
problems are related to synchronization with the grid, harmonic control, detection and
management of islanding conditions for several applications.

In this PhD work, the focus is mostly on harmonic control.

The circulation of current harmonics in the power grid generates voltage harmonics, due
to the voltage drop on the power grid impedance. Such voltage harmonics are a problem
especially in weak power grid conditions, i.e., with high impedance. This can be the cause of
various damages to the power grid infrastructure of both supplier and users, such as:

e overheating of cables and transformers, which leads to premature aging of the
insulation and therefore higher maintenance costs;

e reverse sequences in rotating machines, which causes torque fluctuations;

e saturation of the magnetic cores of the transformers, caused by possible continuous
components of the current, generated for example by asymmetries in the operation
of the converters;

e malfunction of the control devices.

Concerning power quality, a further problem is represented by the phase displacement
between power grid voltage and current, which causes an increase in the currents making
therefore necessary the oversizing of cable and electrical devices.

Among the possible solutions there are the passive filters, which can be classified
depending on their cutting frequency as:

e sine filter, designed to compensate low frequency harmonics (5, 7, ...,19). It can
be of the first order, if it is composed of an inductance, or of the second order if a
capacitor is added;

e EMI filter, designed to compensate high frequency emissions;

e Choke filter, used to reduce common mode currents.

Those solutions, however, are not very flexible and their design has to change if the set of

harmonics that should be compensated changes. These drawbacks can be overcome through
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Fig. 1.1. Active Power Filter in shunt configuration (a) and series configuration (b).

the use of Active Power Filters (APFs), which dynamically adapt to the power grid condition.
They fall into the category of Power Conditioning Systems (PCSs) and are used to improve
the power quality of the grid by working as a power factor corrector and harmonic
compensator [2].

There are mainly two possible configurations, shown in Fig. 1.1. The shunt configuration,
Fig. 1.1 (a), is the most used since it can be installed without modifying the plant, as required
by the series configuration, Fig. 1.1 (b). It is composed of an inverter connected to the Point
of Common Coupling (PCC) through a passive filter.

The inverter can store the electrostatic energy necessary for its operation as electrostatic
energy in a capacitor, thus leading to the category of Voltage Source Inverters (VSI) shown
in Fig. 1.2(a), or as magnetic energy in an inductor. This solution is referred to as Current

Source Inverter (CSI) and it is shown in Fig. 1.2 (b).
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Non-Linear
Load

=
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@
Fig. 1.2. Active Power Filter VSI type (a) and CSI type (b).
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In this chapter, the operation principles of an APF are discussed and the mathematical
model is studied. The control system developed is explained in its part and the reference
signal for the current controller, which represents the core of the APF, is derived. The design

of the current controller, due to its importance, will be widely studied in Chapter 2.

1.1 MATHEMATICAL MODEL OF A SHUNT APF

In this PhD work a VSI type APF, connected through a decoupling inductance, is

considered. It is shown in Fig 1.3.

A. Operation Principles of a Shunt APF
The operation of an APF has to be consistent with the available voltage across the floating
capacitor C. The voltage Er of the DC link depends on the electrostatic energy Wc stored in

the capacitor

1
We =§CE§ ’ (1.1)

whose rate of change is related to the instantaneous active power of the converter. If the
losses of the APF are neglected, the following expressions can be written:
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Fig 1.3. Active Power Filter VSI type, connected to the power grid in shunt
configuration through a decoupling inductance.
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P :E Fle (1.3)

where P is the instantaneous active power at the input of the APF, V. and i. are respectively

the space vectors of the output voltage and current of the APF, and "-" is the dot product
operator, defined as the sum of the products of the corresponding components of the two

Vectors.
In order to control the filter current, it is necessary to find the relationship between v, and
i . In areference frame aligned with the space vector of the grid voltage V,, this relationship

is given by the equation of the decoupling inductance:

—_— - - - di: —

Ve =Rl + jolcic + L EJFVF : (1.4)
where o is the angular frequency of the space vector of the grid voltage V;, Rr and Lr are
respectively the filter resistance and inductance.

It is straightforward to find the expression of the instantaneous active power Pg exchanged
by the grid with the APF through the dot product of (1.4) by gi_F :

3., d(3, .
P, :ERFlﬁ +a(z LF|§j+ P, (1.5)
where
3_ - 3 .
PG :EVG = ZEVGIFd : (1-6)

In (1.6), ird is the d-axis component of the filter current i. , and ve is the magnitude of the
grid voltage V.

Equation (1.5), combined with (1.2), can be rewritten to emphasize the derivative of the
total electromagnetic energy of the system.

d(1 3. 3
E(ECE§+ZLF|ZJ:PG—ERFI§. (17)

If the Joule losses of the filter resistance are negligible, (1.7) shows that the rate of change
of the energy stored in the reactive elements of the system depends on the instantaneous

active power Pg, which is proportional to irg as shown in (1.6). Therefore, the voltage level




of the DC-link capacitor can be indirectly controlled by adjusting the total energy of the
system through irqg, under the assumption that the magnetic energy of the filter inductance is
regarded as a measurable disturbance, which can be properly compensated.

A similar procedure can be used to find the relation between the reactive power exchanged

by the power grid and the APF by considering the dot product between (1.4) and g jic:

3 .
QG = _Ea)LFIE +Q;: ) (18)
where
3 .
Qs = _Evequ' (1.9)

From (1.8) and (1.9) it can be seen that it is possible to control the reactive power injected
into the grid by the APF by acting on the g-component of the filter current irq and
compensating the reactive power of the decoupling inductance.

With reference to Fig 1.3, if i, and i, respectively denote the load and grid current
vectors, the balance of the currents at the PCC leads:

-1, . (1.10)

i =

If the high frequency components, identified by the subscript “HF”, are considered, (1.10)

G, HF *

allows finding the harmonic content of i that nullifies

b e rer = e - (1.11)

Equation (1.11) states that the shunt APF has to generate the high frequency components
of the load current so as to relieve the grid from providing the undesired harmonics.

Since the energy carried by the high-frequency harmonics of the voltages and currents is
usually much lower than that of the fundamental components, it results that the low frequency
components of the irg and irq can be used to control the average energy of the capacitor and
the reactive power at the PCC, according to (1.6) and (1.9), while the high frequency
components can be used to reduce the demand of distorted currents of the grid, according to
(1.12).




1.2 CONTROL SYSTEM
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Fig 1.4. APF control scheme
The control system has to:

e provide the inverter with the reference voltages that allow to generate a filter
current i. necessary to compensate the power factor and the current harmonics in
the power grid;

e maintain control the floating bridge voltage Er at the reference value that
guarantees the correct operation of the APF.

The measurements required by the control system, as shown in Fig 1.4, are:
e power grid voltages, used for the synchronization;
e voltage across the floating capacitor;

e filter current i., which is the one to be controlled, and one current between the

grid and load current. It has been chosen to measure the grid current since it

represents the target variable.

B. Phase Locked Loop (PLL)

The mathematical model has been implemented on a rotating reference frame aligned with
the space vector of the power grid voltage, Fig 1.5(a).

Fig 1.5(b) shows the scheme of the PLL. It allows one to estimate the phase angle 6 that
nullifies, instant by instant, the g-component of the fundamental component of the grid

voltage.

10
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Fig 1.5. Rotating reference frame aligned with the space vector of the grid voltage (a) and control scheme of the
PLL (b).

C. Control of the DC-link
Let us consider the expression of the active power balance (1.7) and develop the

derivative:

dE E2 3, . di 3 . 3.
CE Fr—F |+l —E=Zv.i, —=R_i2.
( Fodt RJ 2 TP dt 2°™ 2 FF (1.12)

where power loss on the bleeder resistor Rc has also been considered.
To find the transfer function of the DC-link voltage loop it is possible to apply small
variations to the nominal values as follows:
EF = EF,nom +AEF
. : (1.13)
IFd = IFd,nom +A|Fd

Substituting (1.13) in (1.12) and under the assumption that irq =0, following expression

can be written:

d (EF,nom +AEF ) (EF,nom +AEF )2
+

C|\E +AE =
( F,nom F) dt RC

3. . . 3. /. .2 1.14

:EVG (IFd,nom +A|Fd)_ERF (IFd,nom +A|Fd) + ( )
3 . . d iFd,nom +AiFd

_E I‘F (IFd,nom +A|Fd ) ( dt )

_ _ _ . dAI
It is possible to neglect the terms of a higher order, such as AE2, Ai?,, Al a and

dAE
AE. TF . Equation (1.14) becomes:

11



dAE Elz,nom +2EF,nomAEF 3 . .
CEF,nom dt : +( R ) = EVG (IFd,nom +A|Fd )+
C
3 3. dAiy

- Re (124 om + 2y pon Ay )_E L,i

Fd,nom F*Fd,nom dt

In addition, by considering the steady state equation

EZ 3. . 3_.
R_Z:EVGIFd_ERFlé

it is possible to rewrite (1.15) as follows:

CE =_VGAiFd —3R¢l AiFd _E LFIFd,nom

F,nom dt RC 2 F"Fd,nom

dt

Expression (1.17) can be written in the Laplace domain as follows

2E
I;,nom ]AEF — g(VG —ZRFidenom —SLFiFd,nom)Alpd
C

(SCEFMm +

And, finally, the transfer function for the DC-link voltage becomes:

AEF 3 RC (VG _ZRFiFd,nom) (1_T|_S)

G.. = ==
Al 4 E (1+s7. )

F,nom

where

L-i

F "Fd,nom
AT
Vg — 2RI

Fd,nom

dAE,  ErnunfEr _3 . 3. . dAi

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)

(1.20)

(1.21)

Equation (1.20) expresses is a time constant related to the floating capacitor, while (1.21)

represents a time constant related to the transient of the decoupling inductance to reach the

flux value set by the d-component current irgnom. It can be noted that (1.19) includes an

unstable real zero, whose sign depends on the sign of irdnom, Which is related to the condition

of charge or discharge of the floating capacitor voltage. However, the value of 7. is much

smaller than tc and describes a fast transient. It is then possible to neglect its contribute for

the DC-link voltage regulation, which can be achieved through a PI controller with an

antiwind-up scheme, implemented in the reference frame synchronous with the power grid

12



voltage, as shown in Fig 1.4. The reference value of the g-component of the filter current is

a degree of freedom that can be used to exchange reactive power with the power grid.

The reference values are then compared with the measurement of the filter current in order

to get the input error at the fundamental frequency for the current controller.

at

D. High Frequency Current Reference

The input error for the high frequency current is equal to:

Al

F.HF :i_F,HF,ref AT (1-22)
By substituting (1.11) in (1.22) and taking into account (1.10) one finds

Al e = —lg e - (1.23)

The high frequency content of the power grid current is obtained by means of a notch filter

the fundamental frequency. This kind of filter allows one to eliminate a frequency

component from a signal. Its transfer function is:

s°+ )}
s° +20wyS + @}

(1.24)

notch —

where wo is the frequency that should be eliminated and & is the damping factor. It is possible

to analyze its behavior through the study of the Bode diagram, shown in Fig 1.6, where the

magnitude and phase variables are plotted for different values of the damping factor 6.

Phase [deqg]

Magnitude [dB]

400 | | . |

Bode Diagram

— "-\;{f" =T = \;f_F
20+ f B

-100 -80 -60 -40 -20 0 20 40 60 &0 100

—— delta=0.1

50 |- \ \\ —— della=0.06|_|
\ delta=0.01
N \_R__:________ |

50 \ \ —
. \

100 -80 -60 -40 -20 0 20 40 60 80 100
Frequency [Hz]

Fig 1.6. Bode diagram of the magnitude and phase of a notch filter for different value of &.
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A decrease in the value of 6 leads to a narrower frequency band around wo.
The expression for the high frequency input error for the current controller (1.23) can be

written as:
s s
Alye =Gy (_IG ) (1.25)

where the superscript S means that the variables are written in the stationary reference frame.
Equations (1.6), (1.9) and (1.25) define the reference current, in its frequency
components, that has to be tracked by the current controller which is studied in the next

chapter.
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Chapter 2

CURRENT CONTROL

Several approaches have been investigated and tested for the current control loop, which,
usually, has to track a reference signal composed of several harmonic components.
Proportional-integral controllers implemented in a reference frame rotating at the frequency
of the disturbing harmonics can be used [3], [4], [5]. Dead-beat and hysteresis controllers [6],
[7], [8] require less computational effort than Pl controllers implemented in rotating reference
frames, but they are not so effective in compensating the harmonic distortion. Recently,
repetitive control has been proposed due to its excellent performance in terms of harmonic
compensation and low computational burden [9], [10]. Another solution that has become
popular in recent years is the use of resonant controllers implemented in the stationary
reference frame, or in rotating reference frames, to cancel more harmonic components of the
grid current at a time [11], [12]. In [13] several kinds of resonant controllers are compared,
such as multiple rotating integrators, stationary frame resonant controllers, proportional-
sinusoidal signal integrators and vector Pl controllers, in order to determine, for each method,
the operating frequency range and the stability limit. A classification of the current control
methods is shown in Fig 2.1.

In this PhD work, the methods under investigation are the resonant current control and the

repetitive current control.

PWM current control methods

/\

ON/OFF controllers with pulse width modulator ‘
‘ linear ‘ ‘ Non - linear ‘
‘ passivity ‘ ‘ fuzzy ‘

Pl predictive resonant
Dead - beat repetitive

optimized

Fig 2.1 Current control methods.
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2.1 RESONANT CONTROLLER

The resonant regulators are able to track sinusoidal references, of direct and inverse
sequence simultaneously, with zero steady-state error. They are equivalent to Pl regulators
implemented in two reference frames having equal and opposite angular frequencies. Their
implementation in the stationary reference frame does not require the Park transform, thus
allowing a substantial reduction in the computation time. Their use is widespread in power
electronics, such as active filters, active rectifiers, wind turbines, hydraulic turbines, inverters

for photovoltaic applications, uninterruptible power systems, etc.

A. Study of the Transfer Function of a Resonant Controller

The transfer function of a Proportional Resonant (PR) controller in the Laplace domain is

usually expressed as:

S
R(s):Kp+Ki 2+a)§:Kp+KiIR(S) (2.1)

where Kp e Ki represent the proportional and integral gains respectively, while the function
Ir(s) is the resonant term, which has infinite gain at the angular frequency of resonance +wo.
The integral gain K; affects the band width around the resonance peak, and the amplitude of
the resonance peak. The value of K, defines the gain of R(s) in the remaining part of the
frequency domain. Fig. 2.2 shows the Bode diagram of R(s), with wo=2750 rad s?, K,
constant, for different values of Ki.

Bode Diagram
— T

Magnitude (dB)

Phase (deg)
|
|
|

10° 10' 102 10° 10*
Frequency (Hz)

Fig. 2.2 Bode diagram of the magnitude and phase of a PR for different values of K.
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Fig. 2.3 Bode diagram of the magnitude and phase of a PR for different value of ¢.

However, the transfer function in (2.1) is quite sensitive to any mismatch in the resonance
frequency and this can be cause of instability, due to the infinite gain. In order to improve the
controller robustness, the expression of Ir(s) can be modified as follow:

S
2 2
S+ 20m,5 + w,

Iz(s) = (2.2)

where & is the dumping coefficient, whose increase corresponds to a decrease in the gain at
the resonance frequency, as shown in Fig. 2.3.

As the resonance frequency increases the delay introduced by the process of discretization,
through the sample and hold, and the delay due to the computation time required by the
inverter before generating the output signal, can cause a decrease of the performance or even
the instability. It is hence necessary to modify the transfer function (2.2) so as to take into
account these delays.

According to [14], it can be rewritten as:

|(5) = 5€0s(6)—a,sin(0) 23)

s? + 20,8 + &}

where 0 represents the delay that affects the regulator. Its value is:
0=NT.q,. (2.4)

The value of N represents the number of sampling periods Ts, at the defined resonance
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angular frequency weo.

For the sake of clarity, it is useful to understand the changes that are brought to (2.3).

Let us consider the time domain expression of Ir(S) in (2.1) by applying the reverse
Laplace transform

IR(t)le[ - > 2}zcos(coot). (2.5)

s*+

which represents a sinusoidal signal at the angular frequency of wo.
Applying the same procedure to the expression of Ir(S) one finds:

)= L scos(0)—w,sin(0) _
§ s? +200,8 + &}

:COS(Q)L‘{ —~ 2}_3"1(9)[1{ o 2}: | (2.6)

s+ @;

=c05(6)cos(w,t)—sin(6)sin(w,t) = cos(w,t +6)

which, as expected, gives a sinusoidal signal at the angular frequency of wo with initial phase
0.
It is now possible to write the final form of the proportional-resonant controller as:
s€0s(8)—a,sin(6)
s’ +20m,8+ @

R(s) =K, +K, 2.7
B. Implemented Multi-Resonant Current Control
The control system developed for the control of the current is composed by an array of
proportional-resonant regulators, consisting of a regulator for each harmonic in the set w1,
w2, ..., o\ that are intended to be controlled.
As it can be seen in Fig 2.4, the set of resonant controllers can be divided in two parts:
e the first part consists in a proportional resonant regulator at the fundamental
frequency, used to control the exchange of active and reactive power,
scos(6,)—e;sin(6,)

s)=KW+KY
R(s) s +20,08 + @}

p 1

(2.8)

e the second part is composed of the remaining regulators, whose harmonic order is
defined by the letter k, used to compensate the harmonic distortion in the power

grid,
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Fig 2.4 Current control methods.
R ()= K® | K®) scos(6,)— o, sin(6,)
k S p + i 2 2 . (29)
K=2,.n K=2,.n $°+25,0,5+

The reference output voltage collects these two parts multiplied by the respective current

input errors as follow:

st,ref :vFSl,ref +kzz stk,ref (210)
=2,..N
stl,ref = Rl(S)AIF fond +VGS (211)
- - 2.12
Z VFSk,ref = Z Rk(S)AIF?HF ( )
k=2,...,n k=2,..,n

Each resonant controller needs an antiwind-up algorithm. The analysis of the saturation
of a multi-frequency regulator is part of this PhD work and it will be widely discussed in the
next chapter.

C. Tuning of the Current Controllers

Let us focus on an example of the tuning of the PR controller of the fundamental
component of the current and of the DC-link PI controller, shown in Fig 1.4, that defines the
reference irq. It is necessary to start the analysis from the inner loop, i.e. the current loop,
shown in Fig 2.5. The current open loop transfer function is composed of three terms, which

are the PR controller in (2.8), the transfer function of the inverter and the one of the plant

Geauro = R * Gy *Gppanr » (2.13)

19



Fig 2.5 Current loop.
where

—§T S
Gy =€ 2" (2.14)

1

=——. 2.1
PLANT R +L.s (2.15)

The value of the sampling time Tc is 100 us, while Re is 26 mQ and L is 2,36 mH in the
experimental set-up.

As already mentioned, a PR regulator is equivalent to two Pls implemented in two
reference systems rotating at positive and negative speed. It is possible to tune the PR
controller by exploiting this equivalence. In particular, it is possible to demonstrate that the
gains of the PR regulator can be obtained from those of the PI controllers mentioned above,
whose gain values are divided by two.

The integrator of the Pl guarantee zero steady-state error, but it also introduces a delay of
90 degrees. This delay is partially compensated by the zero of the PI regulator, which can be
placed in cancellation of the pole of the decoupling inductance, i.e. the plant. The only
remaining degree of freedom is the integral gain, which can be increased until the phase
margin of the open loop transfer function reaches 75 degrees.

This tuning procedure leads to the values for the proportional and integral gains of the
equivalent PI controllers, which (divided by two) give the required value for PR regulator

K, =5.20Q, (2.16)

K. =56.5Q/5s. (2.17)

Fig 2.7 (a) and (b) show the Bode diagrams of the transfer function in open loop and in
closed loop respectively, with the designed regulator, while in Fig 2.7 the step response of
the system is shown.

It is now possible to tune the PI regulator of the DC-link. Let us call w¢ the cutting
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Fig 2.7 Step response of the current closed loop.

frequency of the current loop previously tuned, which is equal to 1730 rad/s.

The transfer function of the closed current loop can be written as

(2.18)

With reference to Fig 2.9, the transfer function of the voltage open loop can be expressed as

follow:

G =PI*G

*
curr GDC !

where Gpc is given by (1.19).

(2.19)
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Fig 2.9 DC-link voltage loop.

With the same procedure used for the tuning of controller Ry, the zero of this PI regulator
is placed in cancellation of the pole in (1.19) and the gain increased to a value that guarantees
a phase margin higher than 75 degrees. Fig. 2.8 (a) e (b) show the Bode diagrams of the

transfer function in open loop and in closed loop respectively, and the step response of the

system in Fig. 2.10.
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Fig. 2.11 Bode diagrams of the magnitude and phase of the open loop transfer function of the current

The study of the stability and tuning of multi-resonant controllers are open topics, given
the complexity of these regulators. The choice of the proportional gain Ky is made in such a
way as to have a phase margin that guarantees stability; the optimal number N of delay
periods is experimentally found to be equal to 2 [15]; the integral Ki gain and damping ¢ have
been chosen in such a way as to have a fair compromise between dynamic response and
selectivity.

Theoretically the harmonics taken into consideration should be the odd ones until the 19
that are not multiple of three, since the system has three wires. However, due to the presence
of single-phase loads connected to the power grid, a third harmonic can be present, making
therefore necessary the use of PR regulator for this frequency.

Fig. 2.11 shows the Bode diagrams of the magnitude and phase of the open loop transfer
function of Fig 2.5 where the harmonic compensator is also included in this example, the

phase margin is 25 degrees.

D. Discretization of the Control System

In analog systems the input and output signals are continuous functions of time and the
mathematical relationships that bind the input to the output are of integral-differential type.
The Laplace transform transforms these relations into rational algebraic equations. In order

to obtain implementable expressions on a micro-processor, the transform Z is used, which
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allows to pass from the algebraic equations obtained with Laplace transform to numerical
iterative equations. The discretization process is fundamental for a resonant regulator, due to
the high gain it presents in a narrow band of frequencies. Several discrete-time
implementations are possible, but some of these cause discrepancies in resonance peaks
compared to what is expected. These inaccuracies can lead to significant performance losses,
especially for high-frequency signals. In fact, many of the existing discretization techniques
cause a pole shift. This fact translates into a deviation of the resonance frequency and
consequently the achievement of a null error is not guaranteed. The error becomes more
significant as the sampling period and the resonance frequency increase. Discretization also
has an effect on zeros, modifying their distribution with respect to the continuous time
transfer function and this has a direct effect on the stability of the system.

The conversion from the Laplace domain to that of the Z-transform can be obtained
through the relationships shown in TABLE 1. In [16] an analysis of the performance of
resonant controllers with the different discretization methods has been carried out,
highlighting the ones with the best performances in terms of accuracy in the location of the
resonant peaks matching of the zeros and poles.

TABLE 1 — DISCRETIZATION METHODS

X(s
Zero-order Hold X(z2)=1-zYHz {L‘l (%)}
z—1)? X(s
First-order Hold X(2) = uZ L1t —( )
2T, S
z—1
Forward Euler s =
TC
z—1
Backward Euler s =
zT,
Tusti _Z— 1 2
e TGO,
Tustin con pre- P 1 Wo
: - T,
warping (z+1) tan(%)
Zero-Pole matching z = eSTc
o X(s)
Impulse invariant X(2)=2zZ{L? —
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In this PhD work, among those methods, the one called Tustin with pre-warping has been

chosen.

E. Experimental Results

Experimental results have been carried out with a laboratory prototype of a shunt APF,
which is used to compensate the highly distorted current produced by a diode bridge feeding
a RC impedance, connected to the power grid through a filter inductance. The control system
is implemented on a dSpace DS1104 platform and compensates up to the 19th harmonic
component of the grid currents. The switching frequency is 10 kHz and the parameters of the

experimental system are described in Table 2.

TABLE 2— SYSTEM PARAMETERS

Er = 200 Vpc Re = 50 mQ
VF,max = 115 Vpeak LF = 2.36 mH
lFmax = 10 Apeak C. = 06 mF
® =2n 50 rad/s R = 60 Q

Ce = 22 mF L. = 236 mH

YOKOGAWA 4+ 454 T ZMS,s  SnsAiv

Fig. 2.12 Waveform of the grid currents and fundamental component of the phase voltage when the
APF is off. Scale: current (2 A/div), voltage (40 V/div)
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Fig. 2.14 Normalized spectrum of the grid currents when the APF is off.

Without any compensation, the currents absorbed by the passive load are the ones shown
in Fig. 2.12. The phase delay of the phase current and the phase voltage is due to the
decoupling inductance through which the distorting load is connected to the grid. The perfect
sinusoidal waveform of the phase voltage is due to a software filter that extracts the
fundamental component used for the synchronization of the PLL.

In Fig. 2.14 the spectrum of the grid current of Fig. 2.12 is shown in semi-logarithmic
scale and normalized to the fundamental component. This spectrum is evaluated over a 1kHz
band, which is wide enough to assess the most prominent current harmonics. The highest
current harmonics are the fifth harmonic of the inverse sequence and the seventh harmonic

of the direct sequence. Also, it can be noticed that a first inverse harmonic as well as a third

direct harmonic are present. They
are caused by the imbalance of the
three currents of network. For this | b o
harmonic spectrum, the THDI is . :
21,56%. j [

As the APF turns on the DC-link ' | | '

control loop brings the voltage of

the floating capacitor from the

phase-to-phase peak voltage of 150

V to the reference value of 200 V as Fig. 2.13 Transient of the floating bridge voltage to the reference

shown in Fig. 2.13 value. Scale: voltage (100 V/div)
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Fig. 2.15 Transient due to the charge of the DC-link of the power grid phase voltage and
current, load current and filter current. Scale: current (2 A/div), voltage (40 V/div)
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Fig. 2.16 Transient of the power grid currents due to the charge of the DC-link. Scale: current
(2 A/div), voltage (40 V/div)

27



Fig. 2.15 shows the transient of the grid voltage and current, load current and filter current
due to the charge of the DC-link. The PI controller that regulates the floating capacitor
voltage provides the reference value for the d-component of the filter current. The resonant
controller at the fundamental frequency tracks the reference value of the current, which
causes an increase in the active power absorbed by the APF in order to increase its DC-link
voltage, hence an increase in the current coming from the power grid. In Fig. 2.16 the same
transient is shown and the behavior of the power grid current is highlighted.

Fig. 2.17 shows transient of the power grid phase voltage and current, load current and
filter current due to the activation of the harmonic compensation.

In Fig. 2.18 the steady-state waveform of the power grid currents is shown and their
harmonic spectrum is represented in Fig. 2.19. The THD of the power grid currents when the
APF is tuned on drops to the value of 2,60%, proving therefore the good performance of the

developed control system.

100k5-s 100Ms54iy

Fig. 2.17 Transient of the power grid phase voltage and current, load current and filter current
due to the activation of the harmonic compensation. Scale: current (2 A/div), voltage (40
V/div)
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Fig. 2.18 Power grid currents before and after the harmonic compensation of the APF. Scale:
current (2 A/div), voltage (40 V/div)
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Fig. 2.19 Normalized spectrum of the grid currents when the APF is on.

It is possible to notice in Fig. 2.18 that there is a delay of the power grid current to the
power grid phase voltage. It is possible to compensate the reactive power of the grid by acting
on the g-component of the filter current at the fundamental frequency. The results of the

reactive power compensation are shown in Fig. 2.20.
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Fig. 2.20 Reactive power compensation of the power grid through the APF. Scale: current (2
AJ/div), voltage (40 V/div)
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2.2 REPETITIVE CONTROLLER

A. Relation between Resonant Controller and Repetitive Controller

The relation between resonant and repetitive controllers (RCs) has been object of study in
the literature of the last decade [17]- [18]. Both are based on the Internal Model Principle
(IPM), which affirms that a sufficient condition for the asymptotic tracking of the reference
signal is that the transfer function obtained by merging the controller and the controlled plant
contains the generating polynomial of the reference signal in the denominator.

Let us then consider a sinusoidal reference signal with angular frequency equal to kwo,
where o is considered as fundamental component and k represents the harmonic order,

written in the Laplace domain:

S

|t (5) = L[ cos(keot) | = (k)

(2.20)

which is equal to the transfer function of a resonant controller with frequency kwo. Thanks to
the IPM, the resonant controller at kmo is able to track a sinusoidal signal at that frequency.
If the reference signal is composed by the sum of N sinusoidal signals at multiple frequency

of the fundamental one,
N
s (t) =D cos(ka,t) (2.21)
k=0

then the controller able to track it, has to have the sum of N resonant controllers, one for each
sinusoidal signal that contributes to the reference signal, as follow:

N
S
K. [ —
2o (ka, )’ (2.22)

If the number N of resonant controllers summed up in (2.22) tends to infinite, for the

properties of the exponential functions, it can be written:
e s e”™+e @
Ky =K | (2.23)

which, with few mathematical steps and by neglecting for the moment the gain in front of the

transfer function, can be written as follow:
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Fig 2.21. Repetitive control scheme.

—sTy

_1+e
RC ™ 1_e—sTO '

(2.24)

The (2.24) represents the transfer function of a repetitive controller, whose control scheme
is shown in Fig 2.21.

It sums to the input reference, the same signal delayed of a period To. This cause an infinite
number of resonances at multiple frequencies of the fundamental one fo =1/To, as can be
found by nullifying the denominator of (2.24):

1-e" =1-e '™ =1—cos(wT,) + jsin(wT,) =0=

2.25
= ol, =2kzr = f, =kf, keZ (2.25)

(2.25) confirms hence that the repetitive controller is equivalent to a sum of infinite
resonant controllers. These resonances, obtained by buffering the reference input signal,
imply a lower computational burden compared with the resonant controllers, but it requires
a memory effort in order to store a whole period of the input signal.

The feedforward contribute instead, causes an infinite number of zeroes in (2.24), located
in between the resonance frequencies, as shown in (2.26).

1+e 0 —=12 51470 =14 cos(aT, ) — jsin(aT,)=0=
2.26
= oly=(2k+1) 7= fzerosz[k+%j fo, keZ, (2.20)

The Bode diagrams of the magnitude and phase for the transfer function (2.24), are
represented in Fig. 2.22.

A simpler version of repetitive control can be obtained if the control scheme shown in Fig
2.21 is modified by cutting away the feedforward path as shown in Fig. 2.23(a).
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As already said during the study of the resonant controller, it is necessary to take into

Fig. 2.22 Bode diagrams of the repetitive controller base scheme.

account the delay introduced by the process of discretization and compensate it with a phase
lead. If Tq represents this phase delay, the scheme Fig. 2.23(a) can be modified as shown in
Fig. 2.23(b), which transfer function can be found with the following mathematical steps:

e s(To-Tq) —sT,

. e
1_efsT0 Al = 1_efsT0

=(Ai+ve™)e ) = e Al = (2.27)

e—sT[J .
=GP = ot Ta., (2.28)
The transfer function (2.28) still presents the same resonance frequencies of (2.24),
ensuring the harmonics tracking, and the delay on the direct path allows one to achieve also

a phase lead, which is causal as long as T, <T,.

This topology will be indicated with the superscript ) hereafter, while the subscript

Ai v i

—— e —sTp e =5(To—Tq)

a) b)

Fig. 2.23 Base scheme of a repetitive controller a) and base scheme with the phase lead b
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Fig. 2.24 Bode diagrams of the base scheme transfer function G}},)RC.
(FHRC) stands for “Full Harmonic Repetitive Controller” and will be used for those
configurations that presents resonance frequencies for all the multiple frequencies of the

fundamental one.
The Bode diagrams of magnitude and phase for the transfer function in (2.28) are shown

in Fig. 2.24.
Taking into account the delay compensation of Tq for the control scheme of Fig 2.21 is

not as easy as for the topology 1, due to the fact that the delayed period To is not on the direct

path.
The phase lead has been achieved by adding a further period delay from which the phase

lead is obtained. The term is represented by the function e ~STo=T4) in the control scheme of

A + +
> > “ e _S(TO_Td)
+

Fig 2.25. Repetitive control scheme — Topology 2, FHRC.
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Fig 2.25. The transfer function modifies as follow:

—sT,
1+e7°° _ym-1y)
e

G =k . (2.29)
B. Stabilization of the Repetitive Control
The high gain over a wide frequency band affects the system stability. Several solutions
have been investigated in order to stabilize this kind of controllers. An interesting solution
has been developed in [19], where a low pass filter with zero-phase shift has been used to
reduce the contribution at high frequency of the repetitive controller. The general expression

of a zero-phase filter can be written as follow:
Q(s)=) Ce™ +C,+> Ce™, (2.30)
n=1 n=1

Whose first order approximation is:

Niim Niim

Q(s)=>.Ce™ +Cy+ > .Ce™ =Ce ™ +C,+Ce” =
n=1 n=1

e (2.31)
=2C, % = 2C, cosh (s7)+C,

The values for the coefficients C1 and Co can be found by writing (2.31) in the domain of

the angular frequency o,
Q(w) =2C, cosh( jor)+C, =2C, cos(w7)+C, . (2.32)

In order to have 0<Q(w) <1, the constraint of the coefficient becomes:

0<C,+2C, <1 (2.33)

Equation (2.32) represents a real number, which behaves as a moving average low-pass
filter variable with the frequency. Its magnitude has a minimum for @z =z . The frequency

of this minimum can be found as:
fmm =5 (2'34)

Choosing t = Ts, where Ts represents the sampling period, sets the system Shannon
frequency as the frequency for which the filter has a minimum, obtaining a decreasing trend

in the whole system band. In Fig 2.27 the trend of the gain of the filter is shown when its
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Fig 2.26. Repetitive control scheme implemented — Topology 1, FHRC.

coefficients vary; the sampling frequency has been assumed to be 10 kHz, so the trend of the

module up to 5 kHz is shown.

The cut-off frequency decreases as C increases. It is important to design this filter with a

cut-off frequency above 1 kHz, where the harmonics of interest are, in order to not interfere

with the current controller. The filter Q(s) strongly reduces high frequencies disturbances,

which may be harmful and cause of instability.

However, this filter topology is not implementable due to the lead phase term Cy €* in its

transfer function. Nevertheless, once again, it is possible to

compensate the phase lead

required by the filter by including it in the direct path, where it is multiplied by a delay

operator. It is possible to write:

Q'(s) =Q(s)e™" =(C,e" +C, +Ce™" )e " =C,e ™" +Cpe™ +C,, (2.35)
Q'(s)e*™ =Q(s)e ™. (2.36)
0 — ‘ I I
__1‘-\_‘1\\ c1=0.05 c0=0.9
| —~—_ —roza-os
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Fig 2.27. Bode diagram of the magnitude of the average moving low pass filter
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The control scheme of the repetitive controller of Fig. 2.23(b) can be implemented as

shown in Fig 2.26. Its transfer function is:

Q S efS(To‘*'Ts) o,
GI(le}iRc,plug—in = ks 1—((?()3)65(T0+T5) e § +1=1+ Gl(:ll}lRC ' (237)

In addition to the filter Q(S), a series gain ks has also been added. It is used to increase the
controller gain overall the bandwidth.

A “plug-in” path is added to control scheme of Fig 2.26. It sums the input error to the
repetitive output and allows one to define a regulation loop that does not include the
controller. This feature will helpful in the mathematical steps for the tuning of the series gain
Ks.

Likewise (2.28), the repetitive controller Gé}}RC contains resonance frequencies for all the

multiple harmonics of the fundamental one.
The tuning of the series gain ks is accomplished by studying the stability of the closed-
loop (2.38), shown in Fig 2.28.
(1+ GI(:lllRC )GINVGPLANT (1_ eis(Ter)Q (S)(l_ kseSTd ))G (S)

chrren o = = (T — S : 2.38
- 1+(1+Gl(:ll-)|RC)GINVGPLANT 1-e™ Td)Q(S)(l_kse TdG(s)) ( :

According to [19], the current loop is stable if:

e the transfer function (2.39), considering GS}RC = 0, is stable,

— GINV C;PLANT (2 39)
1+GINVGPLANT .

e the denominator of (2.38) is not zero in the frequency band up to the Shannon

Fig 2.28. Current control loop.

37



fS
frequency o

‘Q(s)(l— ke™G (s))‘ <1. (2.40)

By writing (2.40) in the frequency domain and Q and G in polar coordinates, the last

condition becomes

“Q ()| g% (1— k. |G (@) gl (@)reTa) )‘ <l=
. (2.41)

[Q(«)

= ‘(1— K, |G (a))|ej(‘9‘3(“’)“‘ﬁ“))‘ <

By solving the last inequality, one finds the values of the series gain ks that satisfy the
stability condition,
1-|Q(w) 2c0s (4, (@) +aT,)
S + '
Q(e) k|6 (a)f G(@)

(2.42)

The last condition can be approximated since the first term of upper limit tends to zero in

the frequency band of the regulator, becoming:

0<k < 2cos( 9, () +aT,) _
G ()

(2.43)

It can be noticed that there are admissible values of ks as long as |9G (a))+a)Td| < % Itis

then possible to choose the phase Tq in order to maximize the upper bound of the series gain.

In Fig 2.29 is shown the trend of the series gain ks for different values of the phase lead

140
— T2,
T=3T,

120 T=4T,

100

80

Ks

60
40 |

20 T

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
frequency [Hz]

Fig 2.29. Trend of the series gain ks for different value of the phase lead T.
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Fig. 2.30 Bode diagrams of the transfer function GF(HRC stabilized.

T, which depends on the number of sample time that have to be compensated.

The Bode diagrams of magnitude and phase of GéHRC in (2.37) with the low-pass filter

and the series gain so tuned become as shown in Fig. 2.30

Similar techniques are used to stabilize the topology of repetitive controller shown in Fig

2.25, which modifies as shown in Fig 2.31.

The transfer function for this control scheme becomes:

A

vt

Fig 2.31. Repetitive control scheme implemented — Topology 2, FHRC.

Jd
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Part I: Grid-Connected Converters

(2)
C-:'FHRC, plug—in —

1)
S 1— Q (s)e—s(To+Ts)

+1=1+ GS}RC -

The tuning of the gain series gives the following range of admissible values:

1-Q(e)

2cos( 9, (@))

|Q(a)) co)|2 i |G (a))| k*

where the parameters k”, 01, 6, and 03 stand for:

k* (1+

2cos( 4 (o)) .

G(@)k[Q(e)]

1 1
a))| +cos(.9Q (a)))[1+ |Q(w)|}+(|Q(a))| -1

4 =9 +ol,,
8, =9 +ol, -Y,,

9 =89+9,.

The Bode diagrams of magnitude and phase of (2.44) are shown in Fig. 2.32.

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

ol | -
a || |H|HMH|J|HMH
g |||n||mnm||m||n
< | ( [ ]
§ (it M\l“
:Z: | TREER b‘il (] \1“““”“‘

Fig. 2.32 Bode diagrams of the transfer function GF(HRC stabilized.
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C. Odds Harmonic Repetitive Controller (ODRC)
It is possible to change the set of resonance frequencies for both topologies shown, by
acting on the sign of the feedback signal. The control scheme of Fig 2.26, modified as shown

in Fig 2.33, has the following transfer function

T—°+T5 ]

Q(s)e

To)T e Gk (250)
1+Q(s)e ‘? °

G((DllgRC, plug—in — _ks

The set of resonance frequencies can be found equating to zero the denominator of G(%)RC,

T,
1+e 2 :1+cos(a)%"j— jsin(a)%‘)j:O:
] (2.51)
:>a)?°:(2k+l)7r:> fo =(2k+1) f,, keZ,

The resonance frequencies are located at the odd harmonics of the fundamental frequency
fo.
The Bode diagrams of GéBRC, without considering the effects of Q(s) and ks, are shown in

Fig 2.33, while in Fig. 2.35 the same diagrams are shown after the stabilization procedure.

Ai | - - N l v
s ( b [6_5(7_Td+TS)] ®—>

-

e

Fig 2.33. Repetitive control scheme implemented — Topology 1, ODRC.
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Part I: Grid-Connected Converters
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Similar changes can be applied to the control scheme of the second topology in Fig 2.31,

that becomes as shown in Fig 2.36. The transfer function becomes:

—S(T—°+TS) T
2 —s[—‘J—Td

1-Q(s)e * 7 () g6 (252)

G -k

OHRC, plug—in S

which has the same set of resonance frequencies found in (2.51) for G(()BRC and presents zeros

at even harmonics:
LTy
1-¢ 2 :1—cos(a)%°j+ jsin(a)%o):O:
(2.53)

:>a)T—°=2k72':> freros = 2Kf, keZ,

Fig. 2.37 and Fig. 2.38 show the Bode diagrams for Géi,)RC.

A | -
(%) . e—s(%—Td) ke

Fig 2.36. Repetitive control scheme implemented — Topology 2, OHRC.
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Part I: Grid-Connected Converters
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D. Implemented Current Control

The whole current control scheme is shown in Fig 2.39.

The regulation of the fundamental component of the current is obtained with a resonant
controller which has been tuned as explained in section 2.1.C, while the harmonic
compensation has been achieved by the means of the repetitive controllers.

To discretize the repetitive controller, it is assumed that the sampling period is an integer

fraction of the fundamental period Tp:
e=To — e—s(NTs) — 7 (e—s(NTS)) -z N N =_P (2.54)

where N represents the number of samples stored by the digital processor. For the different

repetitive controllers the samples stored are as follow:

N I(le—)iRC = % =200
N I(j-i)RC = % =400
TS (2.55)
N(gllch = ﬁ =100
2T.
N(()Zl-zRC = 2_T1 =200

Due to high number of samples required by the FHRC of the second topology, it has not
been possible to test this configuration with the available laboratory setup.

The value of the series gain ks has been settled to 5Q for the first topology of repetitive
and 2Q for the second topology, while the coefficient for the filter Q(s) has been chosen
Co=0.9 and C1=0.05 for all the different configurations. The phase lead compensation has

A_ig,fond R1

been set to 4Ts.

+v vF,ref

— ¢
Aig yp

Fig 2.39. Implemented current control.
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E. Experimental Results

The same laboratory setup used to test the multi-resonant current controller in the section
2.1.E has been used to test the developed repetitive control.

Since the control of the DC-link voltage is still based on a resonant controller, the
following experimental results will show just the harmonic compensation achieved with the

different types of repetitive controllers.

e Full Harmonic Repetitive Control — Topology 1 (FHRC)

Fig. 2.40 shows the transient due to the harmonic compensation achieved for this
configuration. In particular, from the top of the figure to the bottom, one can see
the waveforms of the power grid phase voltage and current, load current and filter
currents.

Fig. 2.41 shows the power factor correction of the power grid current.

In Fig. 2.42 and Fig. 2.43, a closer look to the waveform of the power grid current
and the related spectrum confirms the superior behavior of the repetitive control

in terms of harmonic compensation.
100kS./s 100msAiv

Fig. 2.40 Transient of the power grid phase voltage and current, load current and filter
currents due to the activation of the harmonic compensation. Scale: current (2 A/div), voltage
(40 V/div). Full Harmonic Repetitive Control — Topology 1
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Fig. 2.41 Power factor correction. Scale: current (2 A/div), voltage (40 V/div).
Full Harmonic Repetitive Control — Topology 1
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Fig. 2.42 Waveform of the grid currents and fundamental component of the phase voltage when
the APF is on. Scale: current (2 A/div), voltage (40 V/div). Full Harmonic Repetitive Control —
Topology 1




This result is confirmed by the value of the THD that drops from the starting value of
21.56% when the RC is off, to a value of 2,73% when it is on.

FFT log
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!
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Fig. 2.43 Normalized spectra of the grid currents when the APF is on.
Full Harmonic Repetitive Control — Topology 1
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Odd Harmonic Repetitive Control — Topology 1 (OHRC)

Fig. 2.44 shows the transient of the power grid phase voltage and current, load
current and filter currents after the activation of the harmonic compensation for
the OHRC case. The same transient is shown in Fig. 2.45 while in Fig. 2.46 there
is the waveform of the power grid current, when the power factor is unity. The
spectrum of the currents after the compensation is shown in Fig. 2.47, with a THD
of 2,29%.

100k5-s 100n54liv

Fig. 2.44 Transient of the power grid phase voltage and current, load current and filter
currents due to the activation of the harmonic compensation. Scale: current (2 A/div), voltage
(40 V/div). Odd Harmonic Repetitive Control — Topology 1
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Fig. 2.45 Transient of the power grid phase voltage and filter currents due to the activation
of the harmonic compensation. Scale: current (2 A/div), voltage (40 V/div). Odd Harmonic
Renetitive Control — Tonoloav 1
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Fig. 2.46 Waveform of the grid currents and fundamental component of the phase voltage
when the APF is on. Scale: current (2 A/div), voltage (40 V/div).
Odd Harmonic Repetitive Control — Topology 1
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Fig. 2.47 Normalized spectra of the grid currents when the APF is on.
Odd Harmonic Repetitive Control — Topology 1
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e Odd Harmonic Repetitive Control — Topology 2 (OHRC)

Fig. 2.48 shows the transient of the power grid phase voltage and current, load
current and filter currents after the activation of the harmonic compensation, while
Fig. 2.49 focuses just on the power grid currents.

Finally, the grid currents with unity power factor are shown in Fig. 2.50 and the

harmonic spectrum in Fig. 2.51.The THD for this configuration drops to 2,21%.

100k5-3 100n54liv

Fig. 2.48 Transient of the power grid phase voltage and current, load current and filter
currents due to the activation of the harmonic compensation. Scale: current (2 A/div), voltage
(40 V/div). Odd Harmonic Repetitive Control — Topology 2
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Fig. 2.49 Transient of the power grid phase voltage and filter currents due to the activation
of the harmonic compensation. Scale: current (2 A/div), voltage (40 V/div). Odd Harmonic
Repetitive Control — Topology 2
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Fig. 2.50 Waveform of the grid currents and fundamental component of the phase voltage
when the APF is on. Scale: current (2 A/div), voltage (40 V/div).
Odd Harmonic Repetitive Control — Topology 2
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Fig. 2.51 Normalized spectra of the grid currents when the APF is on.
Odd Harmonic Repetitive Control — Topology 2

F. Effects of the Delay Compensation

The effects of the phase lead Tq¢ = nTs on the harmonic compensation has been evaluated.
The FHRC topology 1 has been used for this evaluation and the results are shown in TABLE
3.

TABLE 3 — DELAY COMPENSATION

n THD

0 Unstable
0.5 Unstable
1 Unstable
15 3.72

2 3.15
2.5 2.81

3 2.66
3.5 2.70

4 2.73
4.5 2.51

5 2.83
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THD

3,75
3,70
3,65
3,60
3,55
3,50
3,45
3,40
3,35
3,30
3,25
3,20
3,15
3,10
3,05
3,00
2,95
2,90
2,85
2,80
2,75
2,70
2,65
2,60
2,55
2,50
2,45
1,50 2,00 2,50 3,00 3,50 4,00 4,50 5,00
—@—THD

Fig. 2.52 THD for different value of the delay compensation.
Full Harmonic Repetitive Control — Topology 1

This configuration proved to be unstable for a delay compensation T4 below one sample
time Ts and above five, while it keeps an almost constant behavior, in terms of THD, from 3
to 4.5. The oscillations of the THD are mostly due to random fluctuations of the grid voltage.

Fig. 2.52 shows the trend of the THD as function of the delay compensation.

2.3 CONSIDERATIONS

In this chapter, the resonant and repetitive current controllers have been studied and tested.
The experimental results have shown good performance in terms of harmonic compensation
for both. The THD of the grid currents are shown in TABLE 4.

TABLE 4 — THD COMPARISON

Current Controller THD

Resonant 2,60%
FHRC- Topology 1 2,73%
OHRC- Topology 1 2,29%
OHRC- Topology 2 2,21%
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Both resonant and repetitive current controllers are able to keep the THD of the grid
currents below 3% starting from a THD of 21,56% occurring without harmonic
compensation.

The similar results are easier to understand if the frequency response of the two regulators
are taken into account. The resonant controller presents peaks at frequencies from the third
to the nineteenth harmonics, while the repetitive control allows one to compensate all the
harmonics of the fundamental one through a feedback loop of the reference signal delayed
by a fundamental period or less, depending on the topology used. Thus, the latter should
compensate harmonics of higher order up to the Shannon frequency of the control system,
implying better performance compared to the resonant control. However, the zero-phase filter
used to stabilize the repetitive controller has been designed to have a cut-off frequency around
1 kHz, making therefore the compensation of high order harmonics less effective.

Further considerations can be made on the implementation of the two controllers. The
repetitive controller requires a memory effort to store all the needed samples in a buffer, but
the computational burden is quite small, compared to the one required by the array of resonant
controllers. It is then possible to increase the switching frequency and to reduce the current
ripple.

On the other hand, the features of selectivity provided by the resonant controllers has two
advantages over nonselective solutions, such as the repetitive control. Firstly, the stability of
the system can be enhanced because the gains of the regulators can be adjusted depending on
the frequency of the cancelled harmonics. Secondly, in the case of voltage overmodulation
or current saturation, the control system can choose which harmonics have to be compensated
without compromising the overall performance. This topic is widely investigated in the next

chapter.
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Chapter 3
ADAPTATIVE VOLTAGE SATURATION

FOR AN APF

A problem that has been investigated in this PhD work is the exploitation of the DC-link
voltage of the APF when the reduction of the high frequency harmonics is performed by an
array of resonant controllers. Since the output voltage of the APF is obtained as a sum of
several contributions, one for each harmonic component of the current disturbance, if the
magnitude of the output voltage is greater than the maximum admissible voltage, the entire
converter runs the risk of an uncontrolled reduction of performance, because the effect of
voltage saturation on the compensation of each harmonic is unpredictable.

3.1 OPERATION OF AN APF UNDER CONSTRAINTS

A. Current and Voltage Constraint

The mathematical model of an APF has been already studied in Section 1.1. To complete
the mathematical model, the voltage and current constraints have to be taken into account.

In fact, the performance of an APF is limited by the rated current Ir max Of the converter
and the available voltage Vr max Of the floating DC-link. These constraints can be expressed

by the following inequalities:

|i= | < I F,max (31)
|\7F| SVF,max (32)

where VEmax is equal to 0.57EF if space vector modulation is used.
If the current control is achieved by the means of an array of resonant controllers, as shown

in “Implemented Multi-Resonant Current Control”, the output voltage vector of the APF
consists in the sum of outputs of each resonant controller and can be written as follows:

=S =S
Ve of = Ve et
F,ref . Fk,ref (33)
where V5 .. (k=1, ..., n) is the contribution to the output voltage produced by the kth
regulator.
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The output voltage given by (3.3) should comply with (3.2), so the kth regulator must
exploit only a fraction of the DC-link voltage at disposal. Consequently, the output voltage
of each proportional-resonant regulator is constrained by a saturation block, whose equation
can be written as follows:

S

Ve rer = Ckask,req’ (k=1,...,n) (3.4)

where cx is a positive coefficient not greater than one, and V5, ., is the voltage requested by

the kth resonant controller without saturation constraints. To analyze this problem, in
practical applications, it is necessary to distinguish between the fundamental component and

the high frequency component of voltage V.. While the latter is used to reduce the distortion

of the load currents, the former is necessary to control the average active and reactive powers
and, consequently, the converter stability.
Let’s consider the operation of an APF through a graphical analysis of the space vectors

of the voltage applied and the current injected by it. The current absorbed by the filter is given
by the equation of the voltage drop across the decoupling inductance Lr (1.4). In steady state

condition and by neglecting the drop on the resistance Rr, (1.4) becomes

Vo — Ve = jolcic . (3.5)

In Fig. 3.1 some working condition are shown.

Ve <Vg Ve > Vg
P->0 P->0

Ve >V,
P- <0

Fig. 3.1 Example of different working condition for an APF
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Ve =V Ve < Vg

P = P.=0
Q. = Ve Q- <0 \Z
Ve 1iF Ve Jolgle

Fig. 3.2. Available voltage on the DC-link sufficient to nullify the filter current a) and available voltage not
sufficient b)

To nullify the current injected in the power grid, it is necessary to apply a voltage output
equal to the power grid voltage as shown in Fig. 3.2(a). If the voltage available on the DC-

link is lower than the phase to phase peak voltage of the power grid, then it is not possible to
nullify the current i, . In this case, it is still possible control the active power exchanged but

not the reactive one. The value of the reactive current absorbed depends on the difference
between the grid and the APF voltage, as shown in Fig. 3.2(b).

In this condition the APF in unable to work, therefore, the first goal of the control system
is to ensure stable operation of the APF and, only later, to improve the quality of the line
currents.

The allocation of the DC-link voltage to each regulator should privilege the control of the
fundamental component of the filter current, in order to ensure the basic operation of the
converter, while the harmonic currents should be compensated with the residual voltage that
is not used to control the fundamental component. As a consequence, coefficient ¢y is
normally equal to 1, provided that the magnitude of the fundamental voltage is below Ve max.
Conversely, the other coefficients ck may be lower than 1, depending on whether the available

DC-link voltage is sufficient or not to synthesize the resulting total voltage v: ., .

B. Anti-Windup Technique

In case of saturation it is necessary to tackle the problem of wind-up, which may arise due
to the integral action of the regulators. If the wind-up problem is not properly managed or it
is partially treated, the system may become unstable.

Among the possible solutions to the problem of wind-up, the basic one is to consider all

regulators as a whole. Once the magnitude of V| exceeds the admissible voltage, it is

necessary to sum a feedback signal to the input error (back-calculation), shown in Fig. 3.3(a).

Unfortunately, the choice of the feedback gain to ensure the system stability is not always
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simple and it has to be updated if the

(input error) \V/
H _ F,max
set of compensated harmonics Aj — v, .
— > P gy
changes. - |y ¢ W
A possible remedy is to treat the PIR
. Ry * e
wind-up problem of each regulator >«
. . Back-tracking ¢ I
independently of the others, Fig. gain
. - . . a
3.3(b). This solution is more flexible, )
. . (input error) v
but the number of back-tracking gains 4 v @ 7
K > O > PIR Fk,req: Fk,ref
to be tuned increases, and the - pr
maximum voltage Vkmax has to be
+ -
chosen for each regulator. >
i . Back-tracki ¢ I
In digital control systems, it is p g;ianc P

. . . . b)

possible to invert the discrete-time Fig. 3.3. Anti-windup configurations with back-tracking of the

equation of the regulator and re- saturation signal for the whole array of PR controllers a) and
separately for each PR controller b)

calculate the input error as a function

. . Vk,max
of the saturated output, Fig. 3.4. This .. = .
solution avoids the problem of Ak o o Yimas|
——— O PIR ka,req VFk ref

. . . Oy > —p

choosing the back-tracking gains. —0 Re ( > '
1
The previous technique can be

> Recalculation
saturation signal of the input error
0 - no saturation T A

Vikmax depending on the operating ||  -cccieoooooeemeeees '

Al recalculated

improved by calculating automatically

R

conditions. In addition Vi max should be

Fig. 3.4. Anti-windup Anti-windup configurations for
proportional resonant controllers. With recalculation of the

that the compensation of the most [nputerror.

dynamically changed in such a way

significant current harmonics is privileged.
Consequently, Vi max should be chosen in proportion to the corresponding voltage request,

so that the regulators involved in the cancellation of high currents are less penalized:

=S
VFk,req

Vi =G,

k,max

(3.6)

and this proportion is decided through the coefficient cx already defined in (3.4)
Different strategies can be used for the repartition of the available voltage among the

regulators and for the selection of the coefficients cx.
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3.2 SATURATION STRATEGIES

A. Strategy 1
The output v ., of each regulator Ry has to be limited to values with a magnitude not

greater than the quantity Vikmax. The resulting equation of the saturation block is as follows:

>V

V.
Fk,req ¢ |=
Vk,max ‘\7 If ‘VFk,req

Fk,req

—s . k,max

VFk,ref -

(3.7)

VFk,req

Under the assumption that the magnitude of V., ., is less than Ve max, to satisfy (3.2), it is
sufficient that the upper bounds Vkmax (k=1, 2, ..., N) are chosen so that

z Vk,max SVF,max -

keN k=1l

oS
VFl,ref

(3.8)

The simplest choice for Vikmax IS to assume an equal repartition of the residual voltage
among all regulators,

V A
Vk _ F,max F1,ref . (39)
e N -1

However, this choice does not consider that the voltage request for the voltage harmonics
is usually not uniform, because some current harmonics may be more prominent than the
other, so Vkmax IS chosen as in (3.6). By substituting (3.6) in (3.8), considering it as an
equality, it is possible to find a unique value for the coefficient cx,

-

VF,max _‘VFl,ref

C:W' (3.10)

Fk,req

ke2,...,

As a consequence of this saturation strategy, the control system tends to ensure higher
voltage margin to the regulators that are more overloaded, while the performance of the
fundamental controller is preserved.

It is worth to make some considerations about this strategy. As shown in (3.3), the total
output voltage v; ., is composed of several contributes, rotating at different frequencies,
meaning therefore that its magnitude is not constant on a period of the fundamental and it

can be lower or higher than the upper voltage limit Vi max, as shown in Fig. 3.5(a) and (b)

respectively, where for sake of simplicity, the total output voltage is composed just by the
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Fig. 3.5. Space vector representation of the total output voltage under the upper voltage limit a) and above it b)

first, the fifth and the seventh harmonics.

The strategy 1 however, limits the output for the whole period, since it considers the worst
case, when the harmonics sum up in phase, making the harmonics compensation less
effective. This concept can be mathematically expressed by considering that the value of ¢ in
(3.10) can be also obtained from the following triangular inequality:

+ Z ‘VFSk,ref <
k=2,...,n (311)

S TS
VFl,ref + Z VFk,ref
k=2,..,n

=S
= ‘VFl,ref

B. Strategy 2

Coefficients cx are assumed equal to each other, as in Strategy 1. Let us call this common
value c'. This quantity differs from c, defined for Strategy 1, because it is calculated without
the simplification introduced by the triangular inequality, but it considers also the phases of
the resonant controller outputs. Substituting (3.3)-(3.4) in (3.2), and considering ck=c', leads

to the following inequality:

VFSl,ref + Z VFSk ref | — VFSl,ref +C’ Z stk,req SVF,max' (312)
k=2,...,n k=2,...,n
Squaring both sides, one obtains:
a,(c') +2ac +a, <0, (3.13)

where ag, a1 and a; are defined as follows:

oS

2
a‘0 = ‘VFl,ref

EVES (3.14)
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al :vFSl,ref ’ Z VFSk,req . (315)

(3.16)

Inequality (3.12) admits an explicit interval of solutions for ¢' if its discriminant is positive,

as shown in (3.17). A sufficient condition to find a solution is that ‘Vflv,ef is lower than
VE max:
2 2
_ _ _ 2 _
(VFsl,ref ’ Z VFSk,reqj +|:VF2,max _( FSl,ref) :| Z VFSk req 2 O (317)
k=2,.,n k=2,..,n

The maximum value of ¢’ that satisfies (3.12) is

2_ J—
o= N& TR% 78 (3.18)

a,

It is worth noting that c' is a time-variant quantity because coefficients a1 and a, depend

on the phase angle of the voltage vectors Vv, ., , as can be seen from (3.14)-(3.15).

C. Strategy 3

A further improvement can be applied to the saturation algorithm if it is considered that,
during the fundamental period, some harmonic components contribute to the total output
voltage by increasing its magnitude, others by decreasing it, depending on the phase they
sum up. The latter don’t need to be limited, since they usefully contribute to reduce the total
output voltage requested. This feature can be evaluated by considering the derivative of the

total output voltage magnitude with respect to the voltage harmonic under evaluation:

OV + O, VS
YA F1ref Fk,req
a‘VF,req _ k=2,..,n (319)
—S - S
a\/Fk,req aVFk,req

In particular, it is necessary to evaluate the sign of (3.19), to understand if the kth harmonic
is contributing to increase the magnitude of the total output voltage. It is then equivalent to

consider the square of ‘Vﬁvreq

, given by the following expression:
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aVS

Fk,req

Developing the last derivative and considering the contribute of the first harmonic greater

than the ones of higher harmonics, one finds:

a ‘VF ref
avs

Fk,req

oS
- 2‘VFk,ref

=S =S
+ 2‘VFl,ref VFk,ref

cos(v, ). (3.21)

where i represents the relative phase of the kth harmonic respect the fundamental one.
The harmonics whose relation (3.21) gives a negative value, do not need to be saturated.
Let us call Nn the set of indexes of the vectors that give a negative or null contribution to
the magnitude of the output voltage, and Np the set of the indexes of the vectors that give a

positive contribution.

The coefficient c is assumed equal to 1 if k € N . For the remaining vectors (k e N ), c«

is assumed equal to the maximum value of c" that verifies the following inequality:

=S =S =S
VFl,ref + Z ka,req +C” Z VFk,req SVF,maX : (322)

keN, keN,

Using the same procedure adopted for Strategy 2, one can calculate the explicit expression
of ¢, which is as follows:

¢ = —Vblz_zzb"_bl . (3.23)

where

2

ref + Z Fk,req

keN,

F max (324)

bl = z(stl,ref + Z VFSk,rqu Z Fk,req * (325)

keN, keN,

2

Z Fk,req

keN,

(3.26)

64



A value for coefficient ¢" exits if the discriminant b —b,b, is positive or zero, and the

denominator by is different from zero. The former condition is verified if ‘Vfl‘,ef is lower

than VF max, the latter is verified because b, is usually a positive number different from zero.
A graphical analysis of difference between strategy 2 and 3 can be useful to highlight the
benefits introduced by the evaluation of the relation (3.21) in the saturation algorithm.
Let us consider the same condition used before, when the total output voltage is composed
by the first, the fifth and the seventh harmonics. In Fig. 3.6(a) the same condition of requested
voltage over the boundary is limited by strategy 2 in Fig. 3.6(b) and strategy 3 in Fig. 3.6(c).

In strategy 2, all the high frequency harmonics, fifth and seventh in this case, are reduced

is brought inside the

by the same factor given by (3.18), so that the output voltage ‘V,fyref

voltage limit imposed by Ve max, While the fundamental harmonic is unaffected as explained.

Strategy 3, instead, reduces just the harmonics whose contribute increases the total output

b) 0)
Fig. 3.6. Space vector representation of the total output voltage over the voltage limit a) constrained by strategy
2 b) and by strategy 3 c).
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Fig. 3.7. Normalized magnitude of 5" a) and 7" b) harmonics as function of fundamental phase with the second
strategy, blue dash line, and the third strategy, red solid line.

voltage according to (3.21), which in Fig. 3.6(a) is just the fifth harmonic. Due to the fact

that the seventh harmonic is not reduced by strategy 3, all “its magnitude” contributes to

reduce ‘Vﬁlref , hence the reduction of the fifth harmonic has to be less consistent to bring the

total voltage inside the constraint.

This can be also be appreciated in Fig. 3.7, where the magnitude of the fifth and seventh
harmonics, normalized to the corresponding unconstrained request, are plotted as function of
the phase over a fundamental period. The 7th harmonic, which is not reduced by strategy 3
(red solid line) in Fig. 3.7(b), allows one to have a further voltage margin, compared with
strategy 2 (blue dash line), which can be allocated for the other harmonics that need to be
saturated, as the 5th harmonic, Fig. 3.7(a).
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Fig 3.8. APF control scheme with adaptative voltage saturation.
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D. Experimental Results

By using the same laboratory setup as for all the grid connected applications covered so
far, some experimental results have been obtained. The parameters of the drive are listed in
TABLE 2. The control system of the filter

YOKOGAWA 4 Y| 160kS- s 100ns4iv
. - : —

includes an array of proportional- |.. I R N

resonant regulators to cancel the odd

e

harmonics of the grid current from the

3rd one up to the 19th one and is shown
in Fig 3.8.
Fig 3.9 shows the behavior of the grid

currents for Strategies 1, 2, and 3, when

the DC-link voltage is not sufficient to S S S S A Y 0 M S S
[No voltage saturation ] : [ Voltage saturation ] 2)

generate the requested compensation . ... o . 100155 1085w

VOItage. The g”d Curl’ents are ShOWﬂ in UV U U ......... ...... ....... g‘;

i
1

the upper part of all figures. In the lower

o

part, there are two sub-figures showing

the details of the current waveforms

without and with voltage saturation.
Initially, the APF operates in normal
conditions, and the THD of the grid

current is just below 3%. Afterwards, a - [:N{, el ST ] Ty ]b)
reduction by 15% in the DC-link voltage voxocaws + 100ks/s 100nsn
is caused to force the saturation of the | | | ‘‘————— & .
T
voltage regulators. As can be seen, a - JWI L AR R ‘WM
DA O AN OBt L TRl
distortion of the grid current appears. M ______ i A ik A A Al A
However, the effect Of the reduction in _ ...... ...... ......... - ...... ......... ...... ...... %___JJ:

the voltage level depends on the

saturation strategy.

Although Strategy 1 ensures that the

coefficient ¢ is constant over time, the “{[No voltage saturation } (" Voltage saturation J:

resulting current is visibly distorted, and Fig 3.9. Waveforms of the grid current when the requested
voltage is greater than the available voltage. a) Strategy 1.

its waveform is nearly trapezoidal. b) Strategy 2. c) Strategy 3. Scale: current (2 A/div).
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Fig 3.10. Waveforms of the grid current when the requested voltage is greater than the available voltage. a)
Strategy 1. b) Strategy 2. c) Strategy 3. Scale: current (2 A/div).

Conversely, Strategy 2 and 3 exhibit better performance and the distortion of the grid current
is less perceptible. Overall, all strategies ensure a stable operation of the converter.

Fig 3.10 shows the spectrum of the space vector of the grid current in different operating
conditions. If the total output voltage is below the saturation threshold, the current harmonics
are negligible, as shown in Fig 3.10 (a). Conversely, if the DC voltage becomes 85% of the
rated value, some harmonics with orders -5, +7, -11, and +13 appear in the grid current.

Comparing Fig 3.10. 4(b) and 4(c) leads to the conclusion that the amplitude of the
harmonics generated by Strategy 2 is always lower than that of the harmonics generated by
Strategy 1. In addition, Strategy 3 seems better than Strategy 2 because the harmonics with
orders -5 and -11 have smaller amplitude.

The curves of Fig 3.11 show the THD of the grid current when the DC-link voltage further
decreases from 85% to 80% of the rated voltage. The THD of Strategies 2 and 3 does not
change appreciably as long as the DC-link voltage is greater than 85% of the rated voltage,
but below this threshold value, the performance reduction is more significant. Conversely,

Strategy 1 sees a linear increase in the THD as long as the DC-link voltage decreases.
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Adaptative Voltage Saturation for an APF
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Fig 3.11. THD of the grid currents when the DC-link voltage decreases causing voltage saturation.
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Chapter 4

OPEN-END WINDING MOTORS DRIVE

4.1 INTRODUCTION

High performance electric machines require the use of permanent magnets in somarium-
cobalt or neodymium-iron-boron, i.e. based on rare-earth elements [20] - [21]. Although the
17 chemical elements belonging to the "rare-earths™ are widespread throughout the Earth's
crust, deposits with sufficient concentration for exploitation are few in number. This shortage
makes uncertain not only the future of the green economy and consumer electronics, but also
of the renewable energies. Until the 1950s, most of the rare earths came from India and Brazil,
then the dominance of exports was led by South Africa until the 1980s, when for a short time
the US became the major producers. With the new millennium, China has taken a turnaround
in the rare earth market, dropping prices to become virtually a monopolist and today they
cover 95% of world production. However, in recent years, China has imposed on its rare
earth industry increasingly stringent production and export ceilings, behind the official
objective of protecting the environment, causing the explosion of prices of many minerals,
which have increased tenfold the levels of 2010, before falling again. Although the Chinese
decisions have been severely criticized by the World Trade Organization (WTO), it is
undeniable that the growing use has made rare earths a first-rate geostrategic importance,
turning them into an inescapable political lever. To date, rare earths are on the list of "critical
raw materials” compiled by the European Commission in 2014. A recent report by the
European Commission's Joint Research Center examined the rare metal requirements of the
6 low-carbon technologies on which European Strategic Energy Technology Plan (SET-Plan)
is founded: nuclear, wind, solar, CO2 capture, biomass energy and electricity grids. The JRC
study showed that 5 metals (indium, gallium, tellurium, neodymium and dysprosium) will
have supply problems, putting at risk technological sectors such as photovoltaics, electric
traction and wind power. The JRC recommends, first of all, to promote the search for
alternative solutions for the most efficient use of these elements. One of the salient aspects
highlighted by the European Commission is the forecast for the development of demand for

rare earths in the coming years. The spread of electric cars could drive the demand for rare
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earths to double-digit growth levels.

For these reasons, the scientific community has considered new configurations of electric
drives for high speed applications that do not rely on permanent magnets.

Some special configurations of electric drives, based on wound rotor induction machines,
have already been investigated. It has been verified that the performance of the machine
improves if it is fed from stator and rotor sides by two separate inverters. The rotor-side
inverter allows compensating the rotor reactive power and introduces an additional degree of
freedom in the control scheme [22]- [23]- [24]. Furthermore, if the rotor-side inverter is
floating, it can be embedded in the rotor without using shaft brushes [25], which may limit
the speed range. The same principle can be applied to squirrel-cage rotor induction machines
with open-ended stator windings. Initially, the open-end configuration was developed for
permanent-magnet synchronous machines to reduce the current ripple in high-speed
applications [26]- [27]- [28], but later it was considered also for induction machines. The
stator phases can be fed by inverters located at both sides of the stator windings, and the
energy may come from a common dc link, from two separate dc links, or from a dc link and
a floating bridge, as shown in Fig 4.1. Although all these topologies may be suitable for
specific applications, this PhD work focuses only on the last one, because it avoids the
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Fig 4.1. Schemes based on dual inverters for open winding machines.
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problem of the circulation of the zero-sequence current and does not need separate dc sources,
which may be not available. In [29] and [30], it is shown that the floating inverter offers many
other benefits, such as the compensation of the reactive power of zero-sequence currents.

The voltage boost can improve the motor operation and extend the speed range. In [31],
the floating inverter is used to increase the total voltage applied to an integrated starter-
generator for automotive applications.

The analysis of the torque capability of the motor is presented in [32], which is focused
specifically on the field-weakening speed range, whose extension is proved dependent on the
voltage of the secondary DC-link bus.

As regards to the low speed range, in [33], the multilevel behavior of the dual inverter
system is analyzed and a modulation technique that uses the redundant switching states to
control the voltage of the floating capacitor is developed. The efficiency of the system is
analyzed in [34].

After focusing on the control problem, discussed in [29]- [31], [33], and [34], the
international research has tried to introduce some changes in the topology of the drive or
exploiting the multilevel structure of the converters. The control of the floating bridge to
generate a multilevel stator voltage is also investigated in [35] and [36]. Other solutions,
based on three-level flying capacitor inverters, are proposed in [37] and [38] to improve the
current quality. In [39], a square wave controller is proposed for high-speed applications to
overcome the limitations of traditional pulse-width modulators. The research community has
recently also explored some unconventional solutions. In [40], the analysis is focused on a
structure that is similar to that shown in Fig 4.1(c), but it includes a ground connection
originating from the middle point of the secondary dc-bus, so zero-sequence currents are
allowed to circulate. Finally, in [41], the feasibility of a multiphase drive is assessed with

positive results.

73



4.2 MATHEMATICAL MODEL FOR AN OPEN-END WINDING MOTOR

A. Machine and Floating Bridge Capacitor Equations
With reference to Fig. 4.2, the voltage applied to the motor is:

v, =V, -V, (4.1)

where Vs, V, and Vg are the voltage space vectors of motor, inverter A and inverter B

respectively.
The mathematical model of an electrical motor, in a d-q reference frame aligned generally
with the rotor flux, independently for the type of motor, can be written as follows:

) d
Vs = Rslgy — 095, + g)tSd (4.2)

d
Vgg = Relgy + 00, + ;PtSq (4.3)
05 = Lsylgs + 0, (4.4)
D5y = LSdiSq (4.5)

3 -

T=§p(J¢S)'IS- (4.6)

where o is the angular frequency of the rotor speed in electric radians, p is the number of

pole pairs, vsq and vsq are the d-q components of the stator voltage vector Vs, isq and isq are
the d-g components of the stator current vector I_S , Psg and 4, are the d-g components of

the stator flux vector @s , @, is the excitation flux, T is the electromagnetic torque, Lsq and

Lsq are the stator inductances along d and q axes respectively, Rs is the stator resistance and
"." is the dot product, defined as the sum of the products of the corresponding d and q
components of the first and second vector.

If the inverter losses are neglected, the rate of change of the electromagnetic energy stored

in the floating capacitor C is equal to the instantaneous power exchanged by inverter B:
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I
S

dt 2°
where Eg is the DC-link voltage of inverter B.
It is useful to express Vg as the sum of two components, vp and va , respectively parallel
and orthogonal to I_S , which can be rewritten as follows:
v, = (v +jvg) |_S| (4.8)

In this reference frame, (4.7) becomes:

d 3 -
dt( CE? j:E\ls\vg (4.9)

which shows that the electromagnetic energy stored in the floating capacitor C, and

consequently its voltage, depends solely on the parallel component of Vg to the stator current.

At steady state the DC-link voltage of the floating capacitor bridge should be constant.
Consequently, (4.9) leads to the conclusion that

vE=0. (4.10)
Equation (4.10) means that the voltage vector Vg at steady state is orthogonal to the stator
current vector. By substituting (4.10) in (4.8), it is possible to find the following steady-state
expression of Vg :

s

“T

<
w

: (4.11)

Therefore, orthogonal component va is a degree of freedom that can be used to control
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the reactive power of the drive. The use of the variable vg, instead of the vector Vg, allows

reducing the complexity of the optimization problem.

B. Voltage and Current Constraints
The torque capability of the drive is limited by the rated thermal current of the machine
and the rated current of the inverters. For the sake of simplicity it is assumed that the
maximum current of the converters and the machine is represented by only one value, Imax.
[SESL. (4.12)
In addition, at high speed, the machine behavior is limited by the available voltage of

inverters A and B, i.e,

UAESAS (4.13)

Ve <V (4.14)

where the upper bounds Vamax and Vemax depend on the dc-bus voltages Ea and Eg and on
the modulation strategies of the inverters. If space vector modulation or pulse-width

modulation with third-harmonic injection are used, the maximum voltages are

E

VA,max = Tg (415)
E

VB,max = T; . (416)

Voltage Ea is fixed by the input power source. Conversely, Eg is a design choice, which
may be equal or even greater than Ea, depending on the blocking voltage of the switches of
converter B.

In the following, it is assumed that Eg is much greater than Ea, to take advantage of the
voltage boost that the floating inverter can provide. The ratios Es/Ea=2 and Eg/Ea=0.5
produce a symmetric set of voltage vectors. For example, Fig. 4.3 shows the set of voltage
vectors in the stator reference frame that may be generated by inverters A, B and the dual
inverter system when Eg=2Ea (the superscript "S" identifies variables in the stator reference

frame). The vertexes of the hexagons represent the admissible voltage vectors. As can be
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Fig. 4.3. Voltage vectors, in the stator reference frame, generated by inverter A, the
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seen, as regards the dual inverter system, they are equally distributed and the resulting grid
of configurations is the same that can be found for a 4-level multiphase inverter fed by a total
DC link voltage equal to 3Ea. A similar distribution of vectors can be found if Eg is equal to
0.5 Ea. However, in this case, the voltage boost would be limited, to the detriment of the

performance, since the maximum stator voltage is half the previous one.

4.3 OPTIMIZATION OF THE DRIVE PERFORMANCE

A. Optimization of the Mechanical Power
The optimal control strategy of the drive should maximize the mechanical power delivered
to the load and extend the constant-power speed range as much as possible.

The power balance of the drive is defined by the following expressions:

Ss=Sa—Sg =P +jQ (4.17)
P, =P, -P, (4.18)
Q =Q,-Qq (4.19)

where 5, §, and S are the apparent powers of the electrical motor, inverter A and

inverter B respectively, Ps, Pa and Pg are respectively the active power of the electrical
motor, inverter A and inverter B while Qs, Qa and Qg the respective reactive power values.
Equation (1.19) shows that it is possible to nullify the reactive power of inverter A through
the reactive power flow of inverter B.
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The active and reactive powers flowing through inverter A are equal to:

3_ -

PA ZEVA'ls (4-20)
3_ .-
Qa =5 Va Ik (4.21)

Under the assumption that the converter losses are negligible, at steady state, the active
power of inverter A is equal to the sum of Joule losses Pjoule, iron losses, Piron, and the

mechanical power delivered to the load, Pmech.

P, =Pyue T Pion TP

A Joule iron mech

(4.22)
The expression of the reactive power of inverter A can be found by combining (4.1) -
(4.3), (4.11), (4.19) and (4.21).
3_ .~ 3_ .+~ 3/. =\ .= 3 4
Qa ZEVS Il +EVB L3 ZE(JCO%)' Jls +Evg ||s| : (4-23)

The first term in (4.23) is the reactive power exchanged by the motor, the second term is
the reactive power exchanged by inverter B.

By squaring (4.20) and (4.21) and summing side by side, it turns out that
3 N2
P’+Q2 = (E|\7A||is |) : (4.24)

In the field weakening speed region, va and is have to satisfy the constraints (4.12) - (4.13).

Consequently, combining (4.22), (4.23) and (4.24), leads to the following inequality:

2
(PJouIe + I:’iron + I:)mech )2 +Q§ < (gVA,maxlmaxj - (425)

Inequality (4.25) shows that, to extend the range of the active power of inverter A, it is

necessary to reduce its reactive power to a minimum.

Equating (4.23) to zero and solving for Vg leads to the following result:

Ve opt =~ = (4.26)

Combining (4.8), (4.9) and (4.26) allows finding the expression of Vg as a function of the

rotor speed m and of the motor state
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(1) @R )T
vB_(m(ScaJ j i jET (4.27)

Equation (4.27) shows that Vg is orthogonal to the stator current at steady state. According

to (4.14), Vg cannot be greater than Ve max. In steady state condition, (4.27) is valid only if
the following inequality is verified:

6]

If (4.28) is not satisfied, the expression for v, becomes:

<V

B,max * (428)

VB = J (Sgn Vg,opt )VB,max |:—i| (429)
S

and the reactive power Qa becomes different from zero and equal to:

QA = g( a)as I_S +(Sgn Vg,opt )VB,max ||_S|) (430)

In conclusion, choosing vg according to (4.26) allows improving the performance of the
drive because inverter A operates at unity power factor at any speed and its power capability
can be fully exploited.

B. Admissible Domain of the Stator Current

Inequality (4.26) for inverter B can be rewritten as a function of the components isq and
isq Of the stator current vector by means of (4.4) - (4.5):

ofs T _ |ty + iow) (s + isy)]
el [

a)(gosdisri_—}- (psqisq)‘ _ ‘a)((l—sdisd + @, |)j5d +(quisq)isq) _ (4.31)
S

Is

o Lagi? + sy + Lii” )
5]
It is useful to express the stator inductance along the d-q axes as a function of the magnetic
anisotropy factor 6
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§=—, (4.32)

By substituting (4.32) in (4.31), the following expression can be found:

‘a)(LS (i2 +6i2 )+
<V

o o B,max *

(4.33)

Sd Sq

Similarly, in steady state operating conditions, if the voltage drop due to the stator
resistance is neglected, (4.13), combined with (4.1) - (4.5) and (4.27), leads to the following
inequality for inverter A:

a)q)s I I_i B

VAmax —|Jw¢s +VB|_

. (Psg + J0sq) - (Isq + Jigg) (igg + Jig,)
—|w (¢Sd+]¢sq)_ Sd Scii_| sd sq/ \'sd |I_| sa’ || _
S

=|o| (pgy + j(DSq)_

(Psylsy +¢SqiSq)(iSd + jiSq) _
-2 =
K|

‘((%d sq ~ Psqlsa sy T 1(Psglsa — Psglsg Nisy )‘ =

= |__|2\/(((p5d|5q _(/’5q|5d)2|52q +((05q|5d _(P5d|5q)2|52d ) =

le
| |

| |((05d s~ Psqlsa) I—I( Ls'5d+¢e sq (5LS'Sq) )
S

\/((Psdlsq) +((Psq Sd) 2((Psd|5q)((/75q su))| | _| |\/((P3d sq ~ Psq sd) =

which leads to the following expression for the voltage constraint of inverter A:

ol ‘
i|

H((1-6) Ligy +0.) SV - (4.34)

It is worth noting that (4.34) is proportional to the torque expression, given by (4.6) by
means of (4.4) — (4.5) and (4.32):
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3 . .
T = Pig, ((1—5) Lsiss + . )- (4.35)

Therefore, combining equations (4.34) and (4.35) one comes to following equality:

gvA,max |ig| > gTa) (4.36)

which confirms that, if Joule and iron losses are neglected and constraint (1.14) is satisfied,
the electrical apparent power available at the AC side of inverter A is entirely used to generate

active power at the motor output.

C. Resulting Speed Ranges
Equation (4.36) is valid for each rotor speed o for which (4.28) is satisfied. In nominal

condition it becomes:

3 3

°v | =27 ) 4.37
2 A,max " max 2 maxa)base ( )

In the same working condition, for a single inverter system, the relation between the

electrical power delivered by the inverter and the electrical output power of the motor is:

3 3
EVA,max I max COS Ppage = ETmaxa)lbase (438)

where ¢ is the phase shift between inverter AC output voltage and the current flowing in the
stator windings.

Since the maximum torque Tmax value is not affected by the dual inverter configuration
with a floating bridge, from (4.37) and (4.38) it is possible to find the relation between the

base speeds of the single and dual inverter configuration:

a)lbase = a)base Cos (Dbase (439)

which shows that the base speed of a single inverter drive is lower than that of a dual inverter
drive and proportional to the input power factor at the base speed.

Above the base speed the available voltage is not sufficient to compensate the back
electromagnetic force and it is therefore necessary to weaken the stator flux. As consequence
it is not possible to produce the maximum torque, which starts to decrease as the rotor speed
increases. This speed range, above the base speed, is characterized by a nearly constant power
level working condition.

Inequality (4.25) shows that, if iron losses are neglected, the constant power speed range
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is maintained as long as the current is at a maximum and the reactive power of inverter A is
zero. While the maximum current working condition depends on the control strategy used
for the electrical motor available, the maximum speed achievable by the proposed drive when
the inverter A operates at unity power factor can be found independently to the of motor.

If the current components isq, isq are rewritten in polar form,
Igg =1, COSX (4.40)
Isg = I SIN@ (4.41)
the expression for the maximum speed with inverter A at unity power factor is obtained by
substituting (4.40) and (4.41) in (4.33)

VB,max

wPOWZ‘L | (COS* 2+ 35in* @) + ¢, cosw" (442)

S " max

Above the rotor speed given by (4.42), it is still possible to accelerate by losing the unity
power factor condition. The maximum speed is reached when the torque, hence the
mechanical power, reaches zero. In this condition, combining (4.25) and (4.30), by neglecting

the joule and iron losses, the reactive power can be rewritten as follows:
3 - - - 3
|QA| = E‘w¢s st (Sgn Vg,opt )VB,max ‘IS H - (EVA,maxlmaxj . (4.43)

Substituting (4.4), (4.5), (4.40) and (4.41) in (4.43) leads to the following expression for

the maximum speed of a dual inverter drive:

VA,max +VB,max

er = ‘L | (COS° @+ 35in* @) + g, COSO{‘ ' (444)

S " max

Equation (4.44) shows how the maximum speed for the dual inverter drive is obtained

when V, and Vg are summed with the same phase, hence the resulting vector Vg is

orthogonal to the current space vector I_S .
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Chapter 5

INDUCTION MOTOR WITH OPEN-END WINDINGS

Although induction machines are not as efficient as PM machines and the torque density
is lower, their robustness, cost and overload capability are appealing in mass-production
applications [21]. Since the lower performance of induction motors in comparison to PM
motors partially depends on the lower power factor, the improvement in performance

achieved by adopting an open-ended stator winding is gaining more attention.

5.1 SYSTEM MODEL

A. Machine Equations and Admissible Stator Current Domain
The model of the induction machine can be described by the following equations written

in a reference frame synchronous with the d-axis aligned to the rotor flux:

V, = Rl + jod, +ddits (5.1)
. M

P = o Lslgg "’L_(”Rd (5.2)
R

Psq = GLSiSq (5.3)

Dry 147,58 sd (5.4)

Prq =0 (5.5)

3 M.
T :E pEISqq’Rd (5.6)

where p is the pole pairs number, o is the angular frequency of the rotor flux vector, V; is
the stator voltage, i is the stator current, @ is the stator flux vectors, Ls and M are the
self- and mutual inductances, = is the rotor time constant , ¢, and ¢, are the d-q

components of the rotor flux and o is the leakage coefficient, defined as:
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M2
LSLR.

o=1- (5.7)

It can be seen that the induction mathematical model (5.1) — (5.6) is equal to the one
expressed by equations (4.2) — (4.6) for a generic electrical motor if the following equality

are assumed:

Lsy = Lsg =0l (5.8)
M
P = L_wRd . (59)

R

However, @rq is a low-pass function of isq as written in (5.4), making the model more
complicated in comparison to permanent magnet machines.

Some simplification can be made to this model by considering the steady state condition.
Equations (5.2), (5.4) and (5.6) become:

Psy = Lslgg (5.10)
DOrg = Misa (5.11)
3 L.
T =20l (1-0)igis (5.12)

The mathematical model of the induction machine at steady state can be found by
replacing in (4.2) — (4.6) the following relationships:

LSd = Ls (5-13)
L, =0l (5.14)
»,=0. (5.15)

It can be seen that the model of the induction motor (5.1) — (5.6) is equivalent with that of
a salient machine.

It is straightforward to find the voltage constraints for inverter A and inverter B for an
induction motor with open-end windings by substituting (5.13) — (5.15) in (4.33) and (4.34):

‘a)(lz +oi?)
Ly, ., (5.16)

I~ +1

Sd Sq
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Ly (1~ ‘wISd Sq‘ Ve (5.17)

The expression (5.17) of the voltage limit for inverter A is valid as long as (5.16) is
verified, otherwise (5.17) should be replaced by the following inequality,

. = . |
Jjog + j(sgn VB,opt)VB,max =

S

B. Drive Performance Improvements

Fig. 5.1 graphically shows the meaning of the inequalities (5.16) - (5.17) for two values
of ®, wvase and wpow, Which represent the initial and final speeds of the constant power speed
range.

As long as the angular frequency increases, inequality (5.16) produces a set of curves,
similar to hyperbolae in Fig. 5.1(a), which tend to become smaller. These curves are referred
to as "voltage limit A" in Fig. 5.1.

Similarly, (5.17) generates a set of curves, formed by two lobes, which becomes smaller
as long as the angular frequency increases. These curves are referred to as "voltage limit B"
in Fig. 5.1.

For the sake of correctness, in Fig. 5.1(b), (5.16) has been replaced by (5.18) for operating
states that do not satisfy (5.17). Consequently, the constant-voltage hyperbolae of inverter A
have been replaced by closed curves.

Overall, the admissible operating states in Fig. 5.1(b) and Fig. 5.1(c) are those in the
dashed areas, satisfying the voltage constraints (5.18) and (5.17), and not exceeding the rated
magnetizing current Isg rated.

The graphical representation of Fig. 5.1 can be used to identify the operating conditions
corresponding to the maximum torque capability, since a constant-torque curve in the isq - isq
plane is represented by a hyperbola. The closer the hyperbola is to the origin, the lower the

torque.
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Fig. 5.1. Representation of the motor operating conditions in the plane isq¢-isq for a dual inverter drive (a)-
(b)-(c) and a single inverter drive (d). (a) The voltage constrain of inverter A is plotted without considering
(30) and w=wmnase (0) The voltage constraint of inverter A is plotted considering (30) and w=wpase. (C) The
voltage constraint of inverter A is plotted considering (30) and ®w=wpow.

d)

For example, Fig. 5.1(b) represents the admissible operating conditions (dashed area
constrained by the current limit, the voltage limits of inverters A and B, and the limit of the
magnetizing current) when the speed is equal to the base speed. Two different torque loci are
represented. The first one, drawn in solid line, passes through point B, and the second one,
drawn in dashed line, passes through points G and H. In the operating conditions represented
by the points of arc G-H the torque has the same value. It can be easily understood that the
torque locus passing through G-H is generated by a torque value that is lower than that of the
torque passing through B. Following this line of reasoning, it can be proved that the
maximum torque at the base speed is produced when the drive operates in point B (rated
torque).

Analyzing Fig. 5.1 it is possible to conclude that the motor operation can be divided in
three speed ranges.

Below the base speed, the maximum torque is represented by point B (region I). The motor
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performance is limited by Imax and the rated magnetizing current lsq rated. It is straightforward
to find the expression of the base angular frequency combining (4.37) and (5.12), which is as

follows:

a)b VA,max Imax
= : 5.19
e LS (l— U) Inzwax - ISZd,rated ISd,rated ( )

As long as the speed increases, the operating point corresponding to the maximum torque
moves from B to C (region Il). However, the position of point C is a function of Vg max. In
fact, considering (4.12), (5.16) and (5.17) as equalities, and solving the resulting set of
equations, one can find the coordinates of point C. If the current components isq, isq are

rewritten in polar form as in (4.40) and (4.41), the resulting equation is:

+atana=\m(1—a). (5.20)

A max

tan o

Under the assumption that a. is near 7z/2, it is possible to find an asymptotic solution of
(5.20), which turns out to depend only on the ratio Ve max/Vamax and on the parameter c.

i 1-ocV
tan g = = ——— _Bmax
ISd o VA,max

(5.21)

Finally, the maximum speed in region Il, wpow, can be found from equation (4.42),
obtained for any kind of motor, imposing the relations given by (5.13)-(5.15) for the

induction motor

V
(cos’ a+osin’a)  ollyy

V,

B,max ~ B,max

o (5.22)

pow —
L.l

S ' max

It is worth noting that, despite o depends on Vs max/Vamax, (5.22) shows that mpow is little
sensitive to the variation of Vamax, and can be extended as desired by increasing Ve max.

Above mpow, (region I1), the speed is too high and the voltage is not sufficient to inject
the maximum current in the motor while maintaining the unity power factor for inverter A.
In Fig. 5.1 the operating states of region Il are represented by segment C-O.

The base speed wpase and the maximum speed of constant power speed range mpow Can be

used to find the rotor speed in electric radians wm by considering the rotor circuit equations:
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0=R,J + j(a)—a)m)gER+d§;R (5.23)

Pr = LRi_R + Mi—s (5.24)
where Lg is the rotor self-inductance, i, is the rotor current and ¢, the rotor flux.

In steady state condition it is straightforward to verify that

", i (5.25)

Trlgg

Substituting (5.19) and (5.22) in (5.25) one finds the following expression:

\% max I L(1-0) 1 In21a><_I2 rate
Oy pase = A = _ I max (1_ S ( )Vmax IzSd, ted ] (526)
LS (1— O') Imax - ISd,rated Sd,rated Tr A, max max
a, = VB,max 1- LS (1—6) Imax (527)
m, pow
GLS Imax TR VA,max

where the slip for the two speeds, Shase and Spow are highlighted and they are equal to

2 2
_ LS (1_0) Imax Imax - ISd,rated

base — TR VA’max Iriax (528)
S _ LS (1_0-) Imax (529)
P TR VA,max

For the sake of completeness, Fig. 5.1(d) shows the operating states of a single inverter
drive under the same current and voltage constraints for inverter A. The constraint on the
DC-link voltage is represented by an ellipse in isq - isq plane.

The subdivision of the admissible speed range into three parts is well-known for induction
machines fed by a single inverter [42]- [43]. In Region | the operating states of the motor
correspond to the points of segment A-B. At higher speeds, the size of the ellipse decreases
and the operating point is forced to move from B to C, while the magnitude of the stator
current remains constant (region I1). In Region I11 the current progressively tends to zero as
long as the speed increases.

The two paths ABCO of Fig. 5.1 (c) and (d) are similar, but there are some substantial

in point C are

wW

differences. First of all, the angular frequencies @', in point B and o',
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lower than @,,,, and w_,, given by (5.19) and (5.22), respectively.

pow

! VA max
Whase = :
L f(1-07) 12, g 0712, (5.30)
’ Ve (5.31)

a)pow = )
2 LI
1+GZ o S " max

Comparing (5.22) and (5.31) one concludes that the constant power range is roughly

extended by a factor of \/EVB‘maX IV, max in the dual inverter system, while from (5.19) and

(5.30) it is possible to conclude that the base speed increases of a factor approximately equal
I

max

to Y

2
I max Sd, rated

5.2 CONTROL SCHEME 1 — BASE SCHEME

The control scheme of the open-ended induction machine fed by the dual-inverter system
is shown in Fig. 5.2.

It is basically a rotor-field oriented vector control, whose performance is analyzed
extensively in [44] and compared to other robust control schemes for field weakening
operation in [45].

The control scheme requires estimating the phase angle 6 and the components of the stator
and rotor fluxes, but the type of state estimator is not essential for the understanding of the

drive operation.

A. Control of the Induction Machine

The current references isq,ref and isqref are tracked by the PI controllers (a) and (b).

The speed is adjusted by PI controller (c), which generates the request for the torque-
producing current isqreq. The current reference isqref may be different from isqreq, depending
on effect of saturation block (d).

The signal isqmax, Which is used to generate the upper and the lower bounds of limitation

block (d), is equal to /12, —is, in region I and II, and to tan(ot)lsaref in region I11.

To adjust the rotor flux, two nested control loops are used. The use of PI regulators
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operating in closed control loops reduces the need of an accurate knowledge of the machine
parameters. The reference value of rotor flux is set by PI regulator (e) on the basis of voltage
request of inverters A and B. If va is greater than Vamax Or vg is greater than Vg max, the rotor
flux is reduced. Conversely, if the voltage request is satisfied, the rotor flux is increased.
Saturation block (f) ensures that the rotor flux cannot become lower than ¢rmin Or exceed the
upper bound @r max.

The value of grmax IS calculated as the minimum between the rated rotor flux, Mlsg rated,

VB max M
and the function —— —.
o L
V
— 1 B,max
Promax = M min ISd,rated’ : (532)
ol
r O [
= I ABS
4 +
min VB‘max
(< I ¥
N Iﬂ v DC source
V\'_ i VA max Bureq OO0
] . )
O} Prmaxf Prire ISd,req Vmac | Isd,ref Vg,
|F| (] Rred Prmif ,R-- —RL —| PI(0) > req .["],
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Fig. 5.2 . Block diagram of the RFO control scheme for the open-ended induction machine fed by the dual-
inverter system.
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Fig. 5.3. Representation of the motor states when the torque is driven to
zero, from point B' to point D, in region II.

The point of coordinates (\moj is point D in Fig. 5.1. Equation (5.32) is necessary to

ol

stabilize the dynamic performance of the drive when it operates at low torque values in the
field weakening region or in case of regenerative braking. To illustrate this problem, Fig. 5.3
shows the behavior of the motor when the motor torque is driven to zero in region Il. The
operating point at the beginning of the transient is B', which corresponds to the maximum
achievable torque at the current speed. As soon as the torque decreases, the voltage margin
varies and PI(e) tries to increase the rotor flux. If ¢r is limited by (5.32), the stator current
moves along the curve B'-E-D, which leads to a smooth transient of current isq. Otherwise, if

@R Were unconstrained, the stator current would move along the curve B'-E-F-D, and the

crossing of the sharp corner EFD would produce an undesired overshoot of isq, which has
to be avoided for the proper operation of the drive.

If the motor operates in region 11l or the current isq is sufficiently very low, (28) is less
strict than (29). In these operating conditions, the field weakening algorithm tries to keep vs
equal to Ve max, i.€., the motor state moves on the segment C-O of Fig. 5.1.

To complete the description of the control scheme, it is worth noting that the voltage

request v, ., is obtained by adding to the output signals of the current regulators the stator

back-electromotive force and the voltage at the input of the floating-capacitor bridge, i.e.,

jops +V, (feed-forward compensation).
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B. Control of the Floating Capacitor Bridge

The control of the dc-link voltage Eg is done by proportional controller (i), which
compares the actual voltage (squared) with the reference voltage Eg ref (Squared). The voltage

requested by the controller is
Vg,req = Kl(Dg) (Eé,ref - Eé) ' (5.33)

where K is the proportional gain.

If this voltage is in the range [-VB max, VBmax] defined by limitation block (), which is necessary
to avoid the over-modulation of inverter B, substituting (5.33) in (4.9), one finds that the
capacitor voltage squared is driven by a first-order differential equation,

C, d,
2K@ dt °

+Ep =Ef - (5.34)

B

2K

whose time constant is

The set-point for voltage vg ., should be equal to v . given by (5.16), however the use

B,req
of P1 (m) ensures that inverter A operates at unity power factor also in presence of parameter
or model uncertainties.

Finally, voltage vector Vv, is generated according to (4.8).

C. Remarks on the Control Scheme

The field-weakening algorithm is not simply based on the reduction of the flux inversely
to the speed, but it relies on the adaptive control of the flux level depending on the comparison
of the requested voltage with the available voltage. In this way, the choice of the flux level
is nearly optimal and does not depend on parameters, such as the resistance, which may vary
during the motor operation. The control scheme can operate in the constant power speed
range, and in the decreasing power speed range (region Il1) as well, a feature that is not
available in other control schemes. As regards the power factor of inverter A, the control loop
can compensate slight deviations of the control parameters from their nominal values,
provided that this mismatching does not completely prevent the motor operation. In fact, the

estimation of the reactive power of inverter A does not depend on the motor parameters, since

- ji . The misalignment of the reference frame does not affect the

_ 3_
it is measured as —v,
2 )
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calculation of the dot product, only the nonlinearities of the inverter and the sensors have

some influence.

D. Experimental Results

Some experimental tests have been carried out with a laboratory prototype to verify the
feasibility of the proposed control scheme. The picture of the dual inverter prototype is shown
in Fig. 5.4, while the parameters of the experimental setup are reported in TABLE 5

Fig. 5.5 shows the acceleration transient of the open-end winding induction motor when

the final speed belongs to region Il. As can be seen in Fig. 5.5(a), initially the stator current
is different from zero and the motor is magnetized (point A in Fig. 5.1). The current isq

abruptly increases up to the maximum admissible value (point B) when the speed step is
applied. As soon as the available voltage is not sufficient to inject the current, the signal at
the input of PI () becomes negative and the rotor flux decreases, while the current isq slightly
increases to fully exploit the current limit of inverter A (points of arc B-C). Finally, when the
acceleration torque is not needed any more, at the end of the transient, the current isq
decreases to the steady-state value.

Fig. 5.5(b) shows the behavior of the drive in the same operating conditions of Fig. 5.5(a).

TABLE 5- IM-OEW PARAMETERS

Praea = 0.69 kW Rs = 10 Q
Israted = 10 Apeak Rr = 1.2 Q
Isdraes = 5.8 Apeak Ls = 0.112 H
Omrated = 600 rpm Lr = 0112 H
lo} = 0.127 M = 0.102 H
I = 0.03 Kgm? P = 2

Ea = 150 V Es = 300 \Y

However, the maximum rotor flux ¢r max is calculated as Mlsg rated @and not by means of (5.32).

N\ \"'I Y ‘ur

r Sereors , sl oS m,

Fig. 5.4. Laboratory prototype of the dual inverter system that feeds an open-ended induction machine.
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......... rm]

Fig. 5.5. Experimental results. Behavior of the open-ended induction motor during a speed transient from 0 to

1500 rpm, when (40) is used (a), or @rmax IS Mlsqraed (b). Motor speed (250 rpm/div). Rotor flux (0.1 Whb/div).
Current isq (2 A/div). Line current (3 A/div).

As can be seen, the transient of the magnetizing current reveals an unexpected overshoot,

which is avoidable if (5.32) is used, due to the crossing of the sharp corner EFD of Fig. 5.3.

Fig. 5.6 shows the behavior of the open-ended induction machine during an acceleration
transient up to ten times the base speed (the end of the transient is not visible).

In Fig. 5.6a), region Il and region IlI are clearly identified. In region Il the amplitude of
the motor current is constant, while it tends to decrease in region I11.

In Fig. 5.6(b) it is possible to verify that the power factor of inverter A is unity in all
operating conditions, despite the unavoidable changes that occur in the parameters during the

Region 11 Region 111
e e Region Il

Fig. 5.6. Experimental results. Behavior of the open-ended induction motor during a speed transient from 0 to
5000 rpm. a) Motor speed (550 rpm/div). Rotor flux (0.1 Whb/div). Motor torque (2 Nm/div). Line current (3
AJ/div); b) Motor speed (550 rpm/div). DC-link voltage Eg (50 V/div). Power factor of inverter A (0.2 pu/div).
Line current (3 A/div).
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flux weakening, such as an increase in
the inductances due to the reduction of
the magnetic saturation, and the variation
of the rotor resistance due to the high
rotor frequency. Similarly, voltage Esg is
correctly kept constant by the control

system.

Fig. 5.7 shows the magnetization
transient at stand-still, during which the

DC-link of inverter B is charged and the

YOKOGAWA 4
CH1

1k5/8

1054iv
154y

Fig. 5.7. Magnetization transient of the open-ended

induction motor. Power factor (0.2 pu/div). Rotor flux (0.1

A/div).

rotor flux reaches the rated value. As can

Wh/div). DC-link voltage Eg (50 V/div). Stator current (3

be seen, firstly the motor is magnetized and the flux increases up to the rated value. Then,

there is the progressive charge of the DC-link of inverter B.

Finally, Fig. 5.8 compares the torque and power capability of the dual inverter drive and

the single inverter drive, measured at steady state, as a function of the normalized speed. The

normalization weight is the base speed, i.e. the starting point of the field weakening speed

range. As can be seen, the mechanical power of the dual inverter drive, is approximately

constant, despite a progressive reduction that is presumably due to the increasing iron losses,

which are not considered in the mathematical analysis. Overall, the mechanical power of the

single inverter drive at high speed is significantly lower and during the test it was not possible

to reach the same maximum speeds for both drives.
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Fig. 5.8. Normalized values of the motor torque and mechanical power as a function of the normalized speed.
The normalized weights are respectively the torque and the power at the base speed, 13 Nm and 0.69 kW,
respectively. The base speed is 600 rpm
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5.3 CONTROL SCHEME 2 — VARIABLE DC-LINK VOLTAGE

Since the losses of the secondary inverter are a drawback of the dual inverter topology, a
control scheme with variable voltage of the DC link of the floating bridge has been
investigated. Equation (4.27) shows that, in steady-state condition, inverter B has to generate
a voltage that is substantially proportional to . Consequently, when  is not high, there is
no need to keep the DC-link voltage of inverter B at the rated value. Since the switching
losses of inverter B are proportional to the voltage level, the reduction of Eg can be beneficial
for the overall efficiency of the electric drive.

Fig. 5.9 shows the control scheme developed and highlights the changes introduced to the
base scheme of Fig. 5.2. In addition to the control of the floating bridge voltage, the upper
limit of the flux level is now just the magnetizing current lIsqrated Multiplied by the mutual
inductance M.

In the control scheme of Fig. 5.2, due to the particular shape of the voltage constraint

I
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Fig. 5.9. Block diagram of the RFO control scheme for the open-ended induction machine fed by the dual-inverter
system with variable voltage of the floating capacitor
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curves, another upper value was imposed in order to avoid the sharp corner EFD illustrated
in Fig. 5.3, which can be easily avoided in this new control scheme by simply adjusting the

DC-link voltage reference.

A. Control of the Floating Inverter
With reference to Fig. 5.9, PI regulator (m) ensures that inverter A operates at unity power

factor. The output of this regulator is the component v¢ . of Vv, along the direction

B, ref

orthogonal to the stator current. To improve the dynamic performance, the value v¢  given

B,opt

by (4.27), is added to the output of regulator (m). The saturation block (n) limits v¢ _ so it

B, ref

remains in the range [ -Vg! .., Va'max I, Where

B,max !

2 2
VBq,max = \/(VB,max) - (VB',)max) * (535)
In (5.35) V.« IS a Voltage margin that is necessary to ensure a satisfactory behavior in
transient operation.
The DC-link voltage Eg is controlled by the proportional regulator (i), which compares

the actual voltage (squared) with the reference voltage Egrer (squared). The output of

regulator (i) is vg ., which is zero in steady-state operating conditions but can be used in

transient operating condition to vary the DC-link voltage of inverter B.
However, the value of Egrer can significantly change not only with the speed but also with
the torque, and may be less intuitive than expected. Fig. 5.10 shows the boundaries of the

Voltage
limit A

Voltage

Voltage
limit B

limit B

. y = - 0 0.2 0.4 0.6 0.8 1

[rp— sy a) Usdrated lsa b) isg” Doy C)
Fig. 5.10. Representation of the motor operating conditions in the plane isq-isq for a dual inverter drive at
®=1.3mpase- () The voltage constrains of inverter A and B are plotted at 7=0.75 7pase. (b) The voltage constrains

of inverter A and B are plotted at 7=0.25 7hase. (c) Normalized contour plot of Vg ., .
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stator current vector resulting from voltage constraints (4.13) and (4.14) at an angular
frequency of 1.3 wpase for two different values of the electromagnetic torque. The different
values of torque lead to different DC-link voltages of inverter B. In Fig. 5.10(a) the
electromagnetic torque is 75% of the rated torque. The control system drives the motor to
operate in point P', which is the intersection of the curves resulting from the operating
constraints on the stator current and the voltage of inverter A. The DC-link voltage of inverter
B is adjusted by the control system so that the power factor of inverter A is unity. In essence,
Eg decreases until the corresponding constraint curve passes through point P' (20% of the
rated voltage). In Fig. 5.10(b) the torque drops to 25% of the rated one. The control system
increases the magnetizing current up to the rated value, and the operating point becomes P".
To preserve the unity power factor, the voltage of inverter B has to increase up to 50% of the
rated value. This behavior is confirmed by Fig. 5.10(c), which depicts the contour plot of

Vi ot » €XPressed by (16) and normalized by || L . To plot this figure, o is assumed equal

S Imax
to 0.11. As can be seen, the trajectory of the machine state from P' to P", namely from a high

torque level to a low torque level, leads to higher values of vg . and to an increase in the

DC-link voltage of inverter B.

B. Experimental Results
The same lab setup shown in Fig. 5.4 and defined by the parameters of TABLE 5 has been
used to carry out the following tests.

Fig.5.11 illustrates the magnetization

transient of the machine. |nitia||y1 the speed TR e e

is zero. Then, the current isq progressively

e
CH2

increases while the machine is magnetized. ™ ———— ——

Simultaneously, the DC link voltage of i Us i

inverter B increases up to the value :
VB’,)max/'\/g'

Fig. 5.12 illustrates the behavior of the

induction machine during a start-up transient = I T R

from zero to five time the base speed. The Fig.5.11. Experimental behavior of the open-ended
induction motor during a magnetization transient.

motor current, whose initial frequency is very Speed (2000 rpm/div), iss (2A/div), isq (2A/div), DC-

. link voltage of inverter B (50 V/div).
low, rapidly changes after the speed step

98



. L AN +508nsdiv

R \ Power factor AJ .

Fig. 5.12 Experimental behavior of the open-ended induction motor during a speed transient from zero to five
time the base speed. a): power factor (0.2/div), rotor flux (0.1 Wb), isq (2A/div), motor current (4 A/div). b): speed
(500 rpm/div), isq (2A/div), isq (2A/div), DC-link voltage of inverter B (50 V/div).

command. The motor torque, proportional to isq, rises to the maximum value, limited only by
the inverter rated current. Then, isq decreases due to the flux weakening operation.

Fig. 5.12 (a) shows that the power factor of inverter A is equal to 1 at any speed, while the
rotor flux smoothly decreases with speed.

Fig. 5.12 (b) confirms that the DC-link voltage of inverter B changes depending on the
motor operation. The value of Eg depends not only on the stator angular frequency o but also
on the components of the stator current. Consequently, as can be seen in Fig. 5.12 (b), the
control system increases Egret When the machine has to deliver high torque values to the
load.

Fig. 5.13 shows the contour maps of the floating bridge voltage and the ratio of the
efficiency nopt Of the proposed drive to the efficiency of a similar drive that does not optimize
the DC-link voltage of inverter B. In Fig. 5.13(a) it can be seen as the floating bridge voltage
is higher for lower value of the torque, as explained in the example of Fig. 5.10(b). Fig.
5.13(b) shows that the efficiency improvement of the adaptive control of Eg is particularly
significant around the rated torque and reaches 45% for the small-scale prototype. This
notable result is unlikely to be obtained in industrial drives and is due to the low efficiency
of the small-scale prototype, about 0.6, in the rated operating conditions. In flux weakening
condition, although Fig. 5.13(a) shows a region when the voltage of inverter B is below the

rated one, the efficiency improvement does not seem significant.
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Part 11: Open-End Winding Motors

The efficiency of the drive is measured directly as a ratio of the output mechanical power
to the input electrical power. Although the measurements can be inaccurate at low power

levels, the results seem stable and repeatable in the rated operating conditions.

Eg Map

300

150

Torque [p.u.]

100

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Rotor Speed [p.u.] a)

Efficiency Ratio Map

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Rotor Speed [p.u.] b)

Fig. 5.13. Experimental results. a) Value of floating inverter voltage; b) ratio of the efficiency of the proposed
drive to the efficiency of the same drive without optimizing the voltage of inverter B. Torque values are
expressed in pu of the maximum torque, speed values are expressed in p.u. of the base speed.
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5.4 CONTROL SCHEME 3 — OVERMODULATION OF THE PRIMARY

INVERTER

The control scheme of the dual inverter drive can be further improved by adding to the

primary inverter the capability of operating in voltage overmodulation conditions. The output

power increases by about 15% and, contextually, the waveform of the stator current does not

worsen as long as the secondary inverter, acting as a series active filter, can compensate the

voltage distortion. The base control scheme of Fig. 5.2 modifies as shown in Fig. 5.14.

E

The maximum voltage that inverter A can produce in the linear modulation range is Tg

This value corresponds to the radius of the circle inscribed in the hexagon shown in Fig. 5.15,

which represents the domain of all admissible voltage vectors v,, expressed in terms of
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Fig. 5.14 . Block diagram of the RFO control scheme for the open-ended induction machine fed by the dual-
inverter system, with the primary inverter operating in voltage overmodulation.
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Fig. 5.15. Admissible voltage vectors of inverter A represented
in the complex plane.

components vsq« and vsp in the stationary reference frame. The same figure shows that the

E
magnitude of v, could be greater than Tg When the phase angle of v, is a multiple of 60°,

the magnitude of v, (average value over a switching period) can rise to %EA. However,

except for these angles, the magnitude of v, _ must be scaled so that v, . fits in the

A,req A, ref

hexagonal shape. In this case, the magnitude of the fundamental component of v, increases

tO VA,max, i.e., E EA .
T
: : : E, . .
When the magnitude of the desired voltage, v, ., , is greater than ﬁ inverter A is said

to operate in the overmodulation mode. When this happens, during each fundamental period,

the resulting voltage vector v, partially or totally moves on the sides of the hexagon.
Consequently, the voltage is distorted by the irregular path of v, , which does not follow the

same circular trajectory of v,

Areq *
The stator voltage can be written as follows:

Vo =V, —Vg = (VA,req _AVA)_VB (5.36)
where AV, is the resulting voltage disturbance, which reduces the requested voltage v

Areq *

However, (5.36) shows that the voltage applied to the machine can still be undistorted if
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Vv, can compensate the term AV, , provided that this new task does not interfere with the

fundamental operation of inverter B, whose voltage can be rewritten as follows:

V, =V, —AV,. (5.37)

where v, is the fundamental component, and AV, is the compensating term of AV, .
The fundamental component v, is not disturbed if V, has a magnitude lower than %EA

because AV, does not contain a component at the fundamental angular frequency o, but

contains only components at frequencies multiples of 6nw in the rotor reference frame.
A bank of N resonant controllers can be used to cancel the voltage harmonics that are
generated when inverter A operates in the overmodulation range and the voltage vector v

moves on the hexagonal boundary. The transfer function of the bank of resonant controllers

is as follows:

N N 2K
Res = ZRGn z 2 > (538)

n=1 n=1 ™+ (6na))

The resonant frequencies in (5.38) depend on the angular frequency of the rotor flux vector
and are multiple of 6. Such a transfer function, in the stator reference frame, cancels the

harmonic components of the phase currents at frequencies (6n#1)w, withn=1,2, ..., N.

A. Experimental Results

Fig. 5.16 shows the behavior of the motor during a start-up transient. At the beginning,
the motor current is equal to the magnetizing current. Then, the motor current increases
quickly to satisfy the torque request. In the constant power speed range the amplitude of the
stator current is nearly constant, afterwards it starts decreasing. The power factor and the DC-
link voltage of inverter B remains constant over the entire speed range.

Fig. 5.17 depicts the waveforms of the voltages and currents of the dual inverter drive
operating in the high speed region. Fig. 5.17(a) shows that the waveforms of vaq« and vag are

distorted when vV, moves on the border of the voltage hexagon, and Fig. 5.17(b) shows that

the duty-cycle maz of the first leg of inverter A is nearly trapezoidal. As can be seen, voltage

v, develops a compensating component that balances the distorting harmonics of v, and
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Fig. 5.16. Behavior of the open-ended induction motor during a speed transient from zero to five time the base speed.
Current isq (LA/div), isq (2A/div), rotor speed (1000 rpm/div), phase current (3 A/div), power factor (0.2/div), rotor

flux (0.1 Wb), voltage Es (60 V/div).
ensures a sinusoidal stator voltage. This is indirectly demonstrated by the undisturbed

waveform of the stator current shown in Fig. 5.17(b).

To appreciate the improvements in the performance due to the overmodulation algorithm,
Fig. 5.18 shows the trends of the speeds for three different cases, namely the single-inverter
system, the dual inverter system operating in the linear voltage range and the dual inverter
system operating in overmodulation mode.

As a result, the dual inverter system provides a higher accelerating power in comparison
to the single inverter system, so, after the same amount of time from the beginning of the

transient, the speed of the former drive is notably greater than that of the latter. The

overmodulation algorithm increases further the motor power approximately by a factor 2 J3

2 :::::::::::.:::.::::;:...:::;:::::;::.::;.::....;::::::;:::::;..::::.b)
Fig. 5.17 Comparison of the speed trends during an acceleration transient for the dual inverter with and without
overmodulation of the primary inverter, and a single inverter system feeding the same induction motor.
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(= 1.10), and, consequently, the corresponding curve of the motor speed is above the other

curves.
4.5 ] ] ] | ] ] ] | ]
4r Dual inverter drive
35| with _
overmodulation
3 - -

25T

Dual inverter drive
without
overmodulation

Speed [pu]

AN

T Single inverter I
05 drive |
0 e 1

Time [1s/div]

Fig. 5.18. Comparison of the speed trends during an acceleration transient for the dual inverter with and

without overmodulation of the primary inverter, and a single inverter system feeding the same induction
motor.
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Chapter 6
SURFACE PERMANENT MAGNET
SYNCHRONOUS MOTOR WITH

OPEN-END WINDINGS

A high torque density makes Surface Permanent Magnet Synchronous Machines
(SPMSMs) suitable for industrial applications, if they are not required to operate over a wide
speed range. Interior Permanent Magnet Synchronous Machines (IPMSMs), which use ferrite
magnets and compensate the resulting reduction in the flux level with the reluctance torque
due to the rotor saliency, are preferred in spindle-drive applications.

Nevertheless, the use of a solid rotor core in SPMSMs has several advantages, such as
simplifying the manufacturing process, better robustness and efficiency, and lower costs, so
several solutions to widen the motor speed range have been developed and can be found in
the literature. The simplest one is the use of a step-up converter to boost the DC-link of the
main inverter. However, this topology requires adding some bulk inductors at the input of
the converter and the boost ratio is generally not greater than two [46]. Other solutions
include the use of two inverters to feed a motor with open-end windings [47]. Two separated
DC-links can supply both sides of the stator windings and double the phase voltage. If two
separated power sources are not available, the inverters can share the same DC-link [48].
However, this solution causes the problem of the common mode current that can circulate in
the drive.

The control scheme of the configuration where the second inverter is a floating capacitor
bridge has been analyzed in [49]. The modulation strategy of the dual inverter has been
investigated in [50], where two different technologies (Si and SiC) have been adopted for the
switches of the main inverter and the floating bridge, depending on the respective switching
frequencies. Finally, some techniques to estimate the machine parameters have been

proposed in [51].
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6.1 SYSTEM MODEL

A. Mathematical Model and Admissible Domain of the Stator Current

The mathematical model of a SPM motor in a d-q reference frame with the d-axis aligned
with the excitation field can be written as follows:

. d
Vg = Rglgy — OPg, + ;DtSd (6.1)

de
Vs, = Rylgy + 0@, + dtsq (6.2)
Psq = Lsisy + o, (6.3)
Psq = Lsls, (6.4)

3 .

T= E p(DeISq (65)

where o is the angular frequency of the rotor speed in electric radians, p is the number of
pole pairs, T is the electromagnetic torque, vsq and vsq are the d-q components of the stator

voltage vector Vg, isq and isq are the d-q components of the stator current vector i, ¢, and
s, are the d-g components of the stator flux vector @, @e is the excitation flux, Ls and Rs

are the stator inductance and resistance respectively.

This mathematical model is equal to the one expressed by (4.2)-(4.6) if Lsg = Lsq.
Therefore, the saliency factor of a surface PM motor, 9, is equal to 1.

The voltage constraints of inverter A and inverter B in steady-state condition, given from
(4.33) and (4.34) respectively, can be written for a PM motor with open-end stator windings
as follow:

|w|[LS ‘I_S‘+¢e IISTd‘]SVBmax (66)
S

‘a)lsq‘
|'S|

Inequality (6.7) is valid as long as (6.6) is verified, otherwise V, becomes the one in (4.29)

(De S VA,max (67)

and inverter A voltage constraint changes as shown in the following expression, obtained by
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substituting (4.29) in (4.1):

VBmax = VAmax
Li+—— [+, |<——. (6.8)
reliny el

The admissible domain of the stator current vector, resulting from the constraints of the
inverter voltages and the stator current can be plotted in a complex plane, where the
horizontal and vertical axes are respectively isq¢ and isq, as shown in Fig. 6.1.

The admissible current vectors are those delimited by a circle with constant radius Imax.
The curves coming from the voltage constraints (6.7) and (6.6), which tend to change as ®
increases and depend on the values of the system parameters, identify the current vectors that
can be injected into the machine at a given speed. It is worth noting that these curves are very
different from those of a traditional SPM motor drive and have a non-null intersection,
highlighted in blue, even at high speed. At a given speed, the maximum torque is generated
when the stator current is the vector with the highest value of isq in the admissible domain.

Maximum Torque
condition

e ""\\ isq Maxi.n'mm Torque i;q
Inverter B condition
Inverter B
’Sd
g
‘Current Limit
Current Limit
Inverter A Inverter A’ —~—
@ (b)
i i,
5q
Maximum Torque Inverter B Maxiln_lum Torque Inverter B
condition AT condition //

Current Limit Inverter A : i
) Current Limit

No unity power
factor condition

No unity power
factor condition

© (d)
Fig. 6.1 . Representation of the voltage and current constraints in plane isq¢-isq for a SPM motor in dual inverter

configuration. The voltage constrains are plotted at ©=1.45"wpase (a); at ©=2.2 ®pase (b); ®=9 wpase (C) and
(D:l 1 *Mpase (d)
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When the speed is not excessive, this domain, obtained by intersecting the areas delimited by
the three curves, is a circular sector, as shown in Fig. 6.1(a) and (b). However, at higher
speeds, Fig. 6.1(c) shows the existence of another region, in which the power factor is not
unity, which allows extending the speed range further.

B. Resulting Speed Range
The base speed mnase Of the dual inverter system can be calculated from (6.7) when isq is

equal to Imax and isq IS zero.

\Y

_ T Amax

a)base -

(6.9)

e
The base speed ay,., for the same motor fed by just one inverter can be found from (4.39).

In the dual inverter drive with a SPM motor, the maximum speed where the maximum
power is delivered is when isq is zero (no-load condition) and isq is equal to -lmax. (Maximum
demagnetization field) if the excitation flux e exceeds the flux generated from the maximum

current flowing on the stator inductance Lslmax. Equation (4.42) provides the following result:

VB max 6 10
In) = .
P 25 LS Imalx ( )
Furthermore, it is possible to increase the maximum speed of the drive above w,,, by

abandoning the unity power factor condition. When isq is zero and isq is equal to -Imax, the

maximum speed turns out to be:

V, . +V

A,max B,max
w,,, = A Yem 6.11
P (De_LSImax ( )

If the DC-link voltage of inverter B is twice that of inverter A, the speed range of the dual
inverter system is three times as wide as that of a single inverter drive.

The resulting speed ranges are shown in Fig. 6.2, which has been plotted under the
assumptions that the voltage drops on the stator resistances and the iron losses are negligible.
The parameters adopted to draw the curves are those of a low-power prototype used to carry

out the experimental results. The parameters are listed in TABLE 6.
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TABLE 6 — SPM-OEW PARAMETERS

Prated = 0.9 kw Rs = 024 Q
Israted = 13 Apeak Ls = 0.0012 H
Qe = 0.0852 Wh Jm = 0.03 Kgm?
m,rated — 1600 rpm Jc = 0.19 Kg m?
Eamax = 80 V p = 3
C = 160 H.F EB,max = 160V
- =
\\\\
-

Fig. 6.2. Performance of the drive fed by the dual inverter (red) and by a single inverter (blue) systems.

6.2 CONTROL SCHEME

The control scheme shown in Fig. 6.3 can be divided into two parts. The first part concerns
the control of the inverter A, which is connected to the power supply. It includes the control
loops for speed, flux and stator currents. The aim of the second part is to control the DC

voltage of the floating bridge and to compensate the reactive power of the motor.

A. Control of Flux, Speed and Stator Currents

PI1 regulators (a) and (b) control the d-q components of the stator currents. Feed-forward
signals are added to the output of these regulators to compensate the back electromotive force
of the motor and the voltage generated by inverter B. To reduce the effect of a mismatch in
the machine parameters, a closed-loop flux weakening strategy is used to regulate the stator
flux. PI regulator (c) defines the reference value of current is¢ by comparing the voltage
request of inverter A with Vamax. If this request overcomes the admissible threshold, the

control system reduces isd ref, thus decreasing the stator flux. Finally controller (d) chooses
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Fig. 6.3. Block diagram of the control scheme for the open-ended permanent magnet machine fed by the dual-
inverter system.

the reference value isqref ON the basis of the speed error. This value is bounded by the value

Jlrf]ax — iSZd’ref in order to satisfy the current constraint in every operating condition.

B. Control of the Floating Capacitor and of the Reactive Power

Regulator (e) keeps the DC-link voltage Eg at the reference voltage Esg e, whose level is
adjusted depending on the voltage resulting from (16), which is necessary to compensate the
reactive power of inverter A. A coefficient greater than one is used to take into account that
the transient voltage term in (17) can require a significant voltage margin. Since vy is
proportional to the motor speed, Eg tends to zero as long as the speed decreases, thus reducing
the switching losses of inverter B. PI (f) ensures that inverter A operates at unity power factor

by zeroing its reactive power Qa. The feed-forward signal vg given by (16) is added to the

output of PI (f) to improve the dynamic performance. Both PI regulators (e) and (f) are

implemented in the reference frame aligned with the stator current space vector.
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C. Experimental Results

Some experimental results have been performed with a small laboratory prototype to
verify the feasibility of the developed control scheme. The specifications of the control board
can be found in [52]. The parameters of the drives are the same shown in TABLE 6. The
measured signals have been acquired, transferred to a PC and plotted with Matlab.

Fig. 6.4 compares the behavior of a single inverter drive with the dual inverter drive during
a start-up transient. As long as the rotor speed is below the base speed, to generate the
maximum torque, the current isq is zero and the current isq is equal to the maximum value

Imax. The phase angle @ between the stator current and voltage vectors is roughly constant
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Fig. 6.4. Experimental behavior of the SPM motor during a speed transient from zero to the maximum speed in
case of single inverter (a) and dual inverter (b). Time scale: 1s/div.
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with speed and can be calculated as follows:

LI
tan® = % , (6.12)

In the flux weakening region, the power factor of a single inverter drive rapidly decreases,
thus limiting the overall performance.
Conversely, Fig. 6.4(b) shows that the compensation of the reactive power of inverter A

allows producing higher torque values at high speed. The maximum speed achievable is
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Fig. 6.5. Performance of the drive fed by the dual inverter (red) and by a single inverter (blue) systems.
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proportional to the ratio Eg max/Ea max.

Fig. 6.5 compares the trend of the mechanical torque and the output power when the motor
is fed by a single inverter and the dual inverter system, and the ratio Eg max/Ea max is equal to
2. As can be seen, the dual inverter system allows obtaining a threefold increase in the
maximum speed of the machine. As a result, the output power is almost constant in the entire

flux weakening speed range.

6.3 OVERMODULATION OF THE PRIMARY INVERTER

A similar procedure used for the induction machine in open-end winding, which allows
the inverter connected to the primary energy source to overmodulate, can be used for SPM
synchronous machine in order to boost the performance of the drive. The harmonics
generated by overmodulation can be compensated with the floating bridge inverter by the
means of the same set of resonant controllers in the synchronous reference frame written in

(5.38). Therefore, the control scheme modifies as shown in Fig. 6.6.
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Fig. 6.6. Block diagram of the control scheme for the open-end winding surface permanent magnet machine
fed by the dual-inverter system, with the primary inverter operating in voltage overmodulation
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A. Experimental Results

Fig. 6.7 shows the start-up transient of the drive with the primary inverter in
overmodulation. The control of the voltage across the floating capacitor increases with speed,
while the power factor of inverter A is kept constant over all the speed range. However, these
two variables are mostly influenced by the behavior of the fundamental component of the
current, so it could be more of interest to evaluate the waveform of the phase currents in
condition of overmodulation.

Fig. 6.8 and Fig. 6.9 show the phase currents at steady state at the rotor speed of 2000 rpm
without and with the harmonic compensation respectively. At this speed the drive is already
in flux weakening region, hence the overmodulation has been already taken place. It can be
seen how the resonant controllers are able to compensate the distortion introduced by the
primary inverter and this can be also appreciated from the spectrum of the currents in the two

cases, in Fig. 6.10 and Fig. 6.11 respectively.
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Fig. 6.7. Experimental behavior of the SPM motor during a speed transient from zero to the maximum speed of

the dual inverter.
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Part 11: Open-End Winding Motors
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Fig. 6.8. Phase currents in steady-state at 2000 rpm when the harmonic compensation is off.
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Fig. 6.9. Phase currents in steady-state at 2000 rpm when the harmonic compensation is on.
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Fig. 6.10. Spectrum of the Phase currents in steady-state at 2000 rpm when the harmonic compensation is off.
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The overmodulation allows the primary inverter to apply a fundamental component of
voltage that tends to the theoretical upper limit of (2/z)Es when a six step modulation is used.
This voltage allows to extend the constant torque speed range and the maximum power of
11%, as shown in Fig. 6.12, compared with the dual inverter drive working in linear region.
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Fig. 6.12. Performance of the drive fed by the single inverter system (blue) by a dual inverter system
working in linear modulation (red) and overmodulation (yellow).
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6.4 SIX-STEP OPERATION OF THE PRIMARY INVERTER

To further improve the performance of the dual inverter system, it is possible to make the
primary inverter work in six-step modulation. This will allow the primary inverter to generate
an higher voltage and in addition to drastically reduce the switching losses.

The square wave reference signal is obtained from the sinusoidal reference signal given
by the flux and speed control as for the previous schemes. This reference signal is limited to
the maximum voltage at the fundamental component of (2/z)Egs achievable with a square
wave. The difference between the square wave generated and the sinusoidal reference signal
represents the harmonic distortion introduced with the six-step modulation and is therefore
feedforward to array of resonant controllers for a fast harmonic compensation.

The control scheme used is shown in Fig. 6.13.
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Fig. 6.13. Block diagram of the control scheme for the open-end winding surface permanent magnet machine
fed by the dual-inverter system, with the primary inverter operating in voltage six-step modulation
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A. Experimental Results

Fig. 6.14 shows the steady-state condition at 2000 rpm of the phase current, the square
wave phase voltage of the primary inverter with the reference sinusoidal signal and the phase
voltage of the floating bridge. The harmonic compensation achieved through the floating
bridge, allows the inverter A to work in six-step modulation, while ensuring a low harmonic
content in the phase current.

Fig. 6.15 and Fig. 6.16 show the spectrum of the phase currents before and after the
harmonic compensation.

In Fig. 6.17 the performance improvements due to the six-step operation have brought an
increase of the base speed of 17%, which causes an increase of the maximum power of the

drive of the same amount.
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Fig. 6.14. Experimental behavior of the SPM motor with open-end windings in steady-state condition at 2000
rpm, with the primary inverter working in six-step modulation. Time scale: 0.1 s/div.
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Part I1: Open-End Winding Motors
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Fig. 6.17. Performance of the drive fed by the single inverter system (blue) by a dual inverter system
working in linear modulation (red), overmodulation (yellow) and in six-step mode (purple)
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Chapter 7
SYNCHRONOUS RELUCTANCE MOTOR

WITH OPEN-END WINDINGS

Despite the lower torque and power densities, synchronous reluctance motors have better
efficiencies than induction motors and can operate at high speeds by adjusting the stator flux
level.

The dual inverter with a floating capacitor bridge not only extends the motor speed range
but can supply the machine with a multi-level PWM voltage to reduce the current ripple,
which can be quite significant for sync-rel machines designed for low phase voltages and

with a low number of turns.

7.1 SYSTEM MODEL

A. Mathematical Model and Admissible Domain of Stator Current

The mathematical model of a sync-rel motor can be written in a d-q reference frame,

with the d axis aligned with the direction of maximum reluctance, as follows:

. d
Voy = Rglgy — WPg, +% (7.1)
do,

Vgg = Rglg, + 00y + dtq (7.2)

Psq = Leglsg (7.3)

Psq = LSqiSq = ":ZLSdiSq (7.4)

3 L. 3 .

T= 5 p(LSd - LSq)ISdISq = > pLgy (1_§)|Sd|5q (7.5)

where o is the angular frequency of the rotor in electric radians, p is the number of pole
pairs, T is the electromagnetic torque, vsq and vsq are the d-q components of the stator voltage

vector Vg, isq and isq are the d-q components of the stator current vector i, ¢y, and ¢, are

the d-q components of the stator flux vector ¢; , Lss and Lsq are the stator inductances, and
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Rs is the stator resistance. The saliency ratio & of the motor is defined as the ratio of Lsq and
Lsd.
It is straightforward to find the voltage constraints for inverter A and inverter B for a sync-
rel motor with open-end stator windings considering (7.1)-(7.5) in (4.33) and (4.34)
i82d +§i82q <

|w| LSd —VB,max (76)

2 2
ISd ISq

|l |
Sd "Sq <V

LSd(g—l)W_ A ma (7.7)
Sd Sq

Inequality (7.6) is valid only as long as (7.7) is verified. If v, is saturated, (7.6) must be
replaced by the following inequality

=1

| @ | (55 _VB,max SVA,max . (78)

The admissible domain of the stator current vector, resulting from the constraints of the

inverter voltages and the stator currents, can be plotted in a complex plane where the
horizontal and vertical axes are respectively isq and isq, as shown in Fig. 7.1.

The admissible current vectors are those delimited by a circle with constant radius Imax.
Conversely, the curves coming from the voltage constraints (7.7) and (7.6), which depend on
the motor parameters, delimit the set of current vectors that can be injected into the machine

at a given speed.
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Fig. 7.1. Representation of the constraints due to maximum inverter current (a), the maximum voltage of
inverter B (b) and the maximum voltage of inverter A (c) in plane isg-isq for a dual inverter drive.
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Fig. 7.2 . Representation of the admissible domain of the stator current at the base speed wpase (2), at speed wpow
(b) and above wpow (C).

As long as the angular frequency increases, (7.6) generates a set of curves, which are
formed by two lobes and tend to become smaller, shown in Fig. 7.1(b). Similarly, (7.6)-(7.8)
produces a family of curves with four lobes, shown in Fig. 7.1(c).

The graphical representation of Fig. 7.1 can be used to identify the operating conditions
corresponding to the maximum torque capability, since a constant-torque curve in the isq-isq
plane is represented by an hyperbola. The closer the hyperbola is to the origin, the lower the
torque.

Furthermore, Fig. 7.1(a) shows the torque locus corresponding to the break-down torque
Tmax. The stator current is represented by a point of the plane that is the intersection of the
current circle and the Maximum Torque Per Ampere (MTPA) curve, which is ideally a
straight line with a slope of 45 degrees in sync-rel motors.

Fig. 7.2 shows how the domain of the admissible stator current vectors changes as the
speed increases, and the corresponding torque capability. Up to the base speed, wbase, the
motor can generate the torque Tmax and the stator current is represented by point A on the
complex plane. When the speed increases above the base speed, Fig. 7.2(b) shows that the
operating point corresponding to the maximum torque moves on arc A-B.

Finally, above wpow, the operating point corresponding to the maximum torque capability
at unity power factor is on the segment B-O, which is the Maximum Torque Per VVolt (MTPV)

curve of the motor.

B. Resulting Speed Range

The base speed of the dual inverter system can be calculated from (7.7) when isq is

—|max/\/§ and isq is |maX/\/§.
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2VA max
(5 1) Sd max

Combing (7.1)-(7.4), (4.13) and neglecting the voltage drop on the stator resistance, it is

wbase - (79)

possible to calculate the base speed of the same motor fed by a single inverter. When isq is

~ e /\/E and isq is | gy /\/E, one finds

a)l _ A max \/E (7 1 O)
base — /_ .
Sd max 1 + é:

Consequently, the dual inverter system increases the base speed of the machine by a factor

2
\/E—Vél:@; , which depends on the saliency ratio. This quantity is equal to the inverse of the

motor power factor at the base speed of the single inverter solution as highlighted in (4.39)

and shown in the following steps:
_ . , : . _ Igg 1
VA,base =)0 e Ps = O e LSd (_é:ISq + Jlgg )’ZVA,base =atan _gfi_ = atan E (711)
Sq

The current phase at the base speed is equal to %n, therefore the power factor can be

i) (1)
{2
o5 3 5t o

¢ N2 1 2 ¢
S+ 2 ik 2 L2 e

As long as the speed increases, the operating point corresponding to the maximum torque

found as:

_|>

(7.12)

.l>|oo

)

moves from A to B. The active power delivered by inverter A remains equal to gv I

A,max " max

so also the mechanical power of the motor is roughly constant (constant power speed range).
The position of point B is a function of Vemax. If the current components isq and isq are
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rewritten in polar form as in (4.40) and (4.41), treating (7.7) and (7.6) as equalities, and
solving the resulting set of equations, one can find the value of o and the position of point B.
The resulting equation for a is as follows:

1 V,
——+&ftana = 2" (E-1
— & . (£-1) (7.13)

The highest speed of the constant power speed range can be found from equation (4.42),

where 6 is equal to & and the excitation flux e is equal to zero.

w — VB,max (714)
" Lyl (COS" @+ EsiN* ) '

Sd " max

Above wpow, the speed is too high and the voltage is not sufficient to inject the maximum
current in the motor. In Fig. 7.2(c), this operating condition is represented by segment B-O
(MTPV curve).

In an electric drive with a single inverter, it is straightforward to verify that the maximum

current can be injected in the motor if the speed is lower than ®'pow:

_ Vana 1+ (7.15)

w .
i \/55 LSd I max

The ratio o, / @', shows that the constant-power speed range is wider in the dual

pow
inverter system, roughly proportionally to the factor Ve max/Vamax.

The resulting speed ranges of the single-inverter and dual-inverter systems are shown in
Fig. 7.3, which has been plotted under the assumption that the voltage drops on the stator
resistances and the iron losses are negligible. The parameters necessary to draw the curves
are those of a low-power prototype used to carry out the experimental results. The parameters

are listed in TABLE 7. The saliency ratio is 2.36.

TABLE 7 — SYNC-REL OEW- PARAMETERS

Traed = 5 Nm Rs = 020 Q
IS,rated = 21 Apeak Lsd = 0.0036 H
= 00038 Kgm? Ly, =  0.0086H
EA,max = 100 V p = 3

EB,max = 300 V C = 2.2 mF
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Fig. 7.3. Performance of the drive fed by a dual inverter system (red) and a single inverter system (blue).

As can be seen, the dual inverter system leads to a significant increase in the speed range
of the drive. The base speed of the dual inverter drive is 3528 rpm, which is 2.7 times greater
than that of the single inverter drive. Furthermore, the constant power speed range, which
reaches 6510 rpm, becomes 3.5 times wider in comparison to the single inverter drive, with

a noteworthy increase in the output power.

7.2 CONTROL SCHEME

The control scheme of the dual inverter system is shown in Fig. 7.4 and can be divided into
two parts. The first part concerns the control of inverter A, which is connected to the power
supply. It includes the control loops for speed, flux and stator currents. The aim of the second
part is to control the DC voltage of the floating inverter B and to compensate the reactive

power of inverter A.

A. Control of Flux, Speed and Stator Currents

Two Pl regulators control the d-g components of the stator currents. Feed-forward signals
are added to the output of these regulators to compensate the back electromotive force of the
motor and the voltage generated by inverter B.

To reduce the effect of a mismatch in the machine parameters, a closed-loop flux
weakening strategy is used to regulate the stator flux. A PI regulator defines the maximum
value of current isq by comparing the voltage request of inverter A with Vamax and the voltage

request of inverter B with Ve max. If one of this signal overcomes the admissible threshold,
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Fig. 7.4. Block diagram of the control scheme for the open-ended sync-rel machine fed by the dual-inverter
system.

the control system reduces isqmax. Since current isq is calculated as — /12, —iZ, , the stator

Sq !
flux decreases. Finally, another PI controller chooses the reference value of isq on the basis
of the speed error.

B. Control of the Floating Capacitor and of the Reactive Power

A PI regulator keeps the DC-link voltage Eg at the reference voltage Esrer, whose level is
adjusted depending on the voltage resulting from (4.26), which is necessary to compensate
the reactive power of inverter A. Another PI regulator ensures that inverter A operates at

unity power factor by zeroing its reactive power Qa. The feed-forward signal v¢ given by

(4.26) is added to the output of this regulator to improve the dynamic performance.

7.3 EXPERIMENTAL RESULTS

Some experimental results have been performed with a small laboratory prototype to
verify the feasibility of the developed control scheme. The parameters of the drives are the
same shown in TABLE 7.
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Fig. 7.5. Experimental behavior of the sync-rel motor during a speed transient from zero to the maximum speed with
a single inverter system (a) and a dual inverter system (b). isq, isq (5 A/div), rotor speed (1000 rpm/div), phase current

(7 A/div), power (200 W/div), motor torque (1 Nm/div).

Fig. 7.5 compares the behavior of a single inverter drive and a dual inverter drive during
a speed transient up to the maximum speed. As can be noted, current isq progressively
decreases in both Fig. 7.5(a) and (b). Conversely, current isq presents a initial reduction
(constant power speed range) followed by a subsequent increase, as soon as the motor reaches
the MTPV speed range.

By comparing the peak value of the e e
power delivered to the load shownin Fig. """" """" : """"
7.5(b) with the one shown in Fig. 7.5(a), g
one comes to the conclusion that the - --------- o --------- ------- """"" o """"" """"" e
performance of the dual inverter system - --------- e """"" """"" """"" — """"" —

is remarkably greater.

Finally, Fig. 7.6 compares the speed _
of both drives during the same transient s S e R S S

of Fig. 7.5. As can be seen, after 900 ms,
Fig. 7.6. Waveform of the speed of the sync-rel motor with
a single inverter system and a dual inverter system during a

that is nearly twice that of the single speed transient from zero to the maximum speed. Speed
(1000 rpm/div).

the dual inverter system reaches a speed

inverter system
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CONCLUSIONS

This PhD work has concerned the development of the control system for grid-connected
and front-end converters.

In the first part the control system for an Active Power Filter (APF) has been developed,
based on the mathematical model of the application. The current controller, which represents
the core of the APF, has been widely investigated. Resonant and repetitive regulators, based
on the Internal Model Principle (IMP), have been tested on a laboratory prototype of APF,
connected to the power grid through a decoupling inductance, used to compensate the
distortion in the line currents generated by a distorting load. Both the regulators have shown
great performance in terms of harmonic compensation. The repetitive control has been able
to compensate all the high harmonics of the fundamental component of the line currents,
requiring quite lower computational burden compared to the resonant controllers. However,
the selectivity of the resonant controllers, which uses a resonant regulator for each harmonic
that is intended to be compensated, can be useful in case of voltage overmodulation or current
saturation, since it allows the control system to choose which harmonics have to be
compensated without compromising the overall performance. Therefore, this kind of
regulator has been used to develop three different saturation algorithms that adaptively
allocate the available voltage among the resonant controllers in such a way that the
compensation of the most significant current harmonics is privileged.

The same technologies used to correct the power factor and compensate the current
harmonics of the power grid have been successfully applied to motor drives with open-end
windings fed by two inverters, where one is a floating bridge. The introduction of a floating
bridge allows one to improve the performance of the drive and the quality of the motor
currents.

A mathematical model, adaptable to the most common electrical motors, has been
developed. On the basis of this model, a control strategy for three different motors has been
implemented and tested. This control system has been firstly tested on an induction motor.
The power factor correction made by the floating bridge has allowed the drive to extend the
constant power speed range, ensuring higher power at high speed compared with the single-
inverter system. A further improvement has been achieved with the inverter connected to the

primary energy source working in the overmodulation region and the floating bridge working
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as a harmonic compensator, in order to cancel the distortion introduced by the non linear
operation. This feature gives an additional voltage boost and, consequently, a power boost to
the drive, without compromising the current quality of the motor.

The same procedure has been adapted to a surface permanent magnet synchronous motor
with open-end windings. In addition, for this motor, the six-step modulation has been tested
for the primary inverter, while the floating bridge has been used to compensate the high order
harmonics of the currents by means of an array of resonant controllers.

Finally, the developed methods of power factor correction have been applied also to a
Synchronous Reluctance Motor with open-end windings.

As shown in Chapter 4, the working condition at unity power factor for an electrical motor
allows one to extend the constant torque speed range, hence, to increase the absolute value
of the output power depending on the power factor at the base speed. By ensuring the unity
power factor in flux-weakening region, the dual inverter configuration allows extending the
Constant Power Speed Range (CPSR) in proportion to the ratio of the voltage across the
floating bridge and the primary inverter.

From the experimental results, it is possible to conclude that the Sync-Rel motor is the
one that showed the highest performance improvements in terms of output power, due to its
low power factor over the entire speed range. The SPMSM, which works nearly at unity
power factor in the constant torque speed range, does not benefit of a significant increase in
the absolute value of the output power, but the open-end winding configuration allows
extending considerably the constant power speed range and the maximum achievable speed.

TABLE 8 — PERFORMANCE IMPROVEMENTS

Electrical Output Power CPSR Maximum Speed
Motor (Poual/Psingle) (@wpow ! @ ’pow) (wmax ! @ ’max)
| V,
= B, max
max ' Sd,rated Aumax
VB,max VB,max +1
SPMSM 1 VA,max VA,maX
1+ 52 \/_VB,max
Sync-Rel 2 2= -
y \/_ g —1 V/-\,max
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The induction motor usually presents better power factor, compared to the Synch-Rel
motor, but still presents substantial improvements over all the speed range.

In TABLE 8 the performance improvements for each motor are summarized as ratio
between the dual inverter and single inverter cases. It is possible to note that the maximum
speed ratio for the IM and Sync-Rel cases cannot be quantified since both are theoretically

able to achieve infinite speed
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