1
11000101
0 \

14))

*ETTI

UNIVERSITY ,,POLITEHNICA” of BUCHAREST

DOCTORAL SCHOOL ETTI-B

SUMMARY OF PhD THESIS

Modern Methods for Control of Power Converters with

Variable Reference Signals

Author: Sergiu Oprea

Committee
President Prof. Dr. Ing. Gheorghe from Univ. Politehnica
Brezeanu Bucharest
PhD Supervisor Prof. Dr. Ing. Constantin Radoi | from Univ. Politehnica
Bucharest
Referent Prof. Dr. Ing. Dan-Alexandru | from Univ. Politehnica
Stoichescu Bucharest
Referent Prof. Dr. Ing. Alexandru from Military Technical
Serbanescu Academy, Bucharest
Referent Prof. Dr. Ing. Gheorghe from University of Pitesti

Gavriloaia

BUCHAREST 2018




Modern Methods for Control of Power Converters with Variable Reference Signals

Table of Content

L INErOAUCTION .o e e 3
1.1 Domain of thiS PRD ThESIS .. .ovviiiii e, 3
1.2 Purpose of thiS PND ThESIS ......uiniiii e e, 3
1.3 Content of thisS PND TRESIS .......viniiiiii e e e 3

2. The Control of Power Converters with Variable References........................oo.. 5
2.1. Power Converters with Variable Reference Signals.................ccooiiiiiiiiiiee. 6
2.2. Types Of CoNrOlIErS ... .o e e e e 7

2.2.1. The Hysteretic-type Controller..............oooiiiiiii e 7
2.2.2. Sliding Mode Controller .........ooouiiii 8
2.2.3. The ,Deadbeat” Controller..........ooouiiiie e e 9

2.2.4. The PI Controller in Synchronous Reference System ...............c.cooeinnnn.. 9
2.2.5. The Repetitive Controller...

2.2.6. The Proportional-Resonant Controller 12
2.2.7. CONCIUSIONS ...\ ettt ettt ettt e e e enae e e eraesraeneeas 13

3. The Implementation of PR Controller in sand z domains............cccceverevenieninncciniene. 14
3.1. The Implementation of PR Controller in s-domain .................coooiiiiiiiiiiine e, 14
3. L1, CONCIUSIONS ...eeee e e 16

3.2. Implementation of PR Controller in the z-domain ..., 17
3.2.2. The Effects of the Discretization ProCess............c.ccovviiiiiiiiniiiiiiiiienenenn, 17
3.2.3. The Effects of the Quantization Process............cccoovviiiiiiiiii i 18
3.2.4. The Implementation Based on the Phase-sensitive Amplifier.............ccccooene. 19
3.2.5. The Effects OF NOISE. ...t 21
3.2.6. CONCIUSIONS. ...ttt e e e e e e 22

3.3. The Time Response of the PR Controller..........cccooovoiviiii i

3.3.1. The Effects of a Non-zero Damping Ratio ................cccciviivienee e 22
3.3.2. CONCIUSIONS ..ot e 25
4. The Control of Power Converters Using PR Controllers.........ccccccevvvvviveiiv e se e 25

4.1, The CONLrOl OF INVEITEES. ...t e e e e e
4.1.1. The Hybrid Control ... ... e

4.1.2. Conclusions .. . e e e e 28

4.2. The Control of Active Power F|Iters ........................................................................ 28
4.3. The Control of Power Factor Correction CirCUILS. . ........ccccoeovvieiiiieiiiiie e 29
4.4. The Stability of the CONtrol SYSEM.........couiiiiii s e e 30
g R O 1 (o] (V1Y T R 31

. PractiCal RESUILS. .......evi ittt et e s s e sa e e st aesaeeas 31
T M o T (0 1V o V=T d P U (0] 11 31
5.2. The PR Controller in S=A0MaiN..........cooiiiiiie i e ettt ettt et s 33
5.3. The Control of Single-phase INVEIEr............cccoee v vt 35
oY B Oo T4 Tod (1] (0] 1 TSR 35
6. Conclusions.. 000, 30
6.1 Achieved Results ...................................................................................... 36
6.2 Original ContribUtiONS ........ ..ot e 37

6.3 OrigiNal PaperS ...t e ————————

6.4 Further Development ... s
Selective Bibliography......... ..o



Modern Methods for Control of Power Converters with Variable Reference Signals

1 Introduction

1.1 Domain of this PhD Thesis

The subject treated in this thesis belongs to the power electronics, namely the control of the
static power converters operating with variable reference signals such as the inverters, the
active power filters and the controlled rectifiers. The topic is topical given the importance of
increasing energy efficiency globally. Also, the rapid development of energy conversion
systems from alternative sources (solar panels, wind generators, etc.) gives rise to increased
attention from the scientific community for finding new control methods for the power
converters involved.

1.2 Purpose of this PhD Thesis

The present paper contributes to control methods for power converters operating with
variable reference signals. Among the established control methods for this kind of power
converters, the author deals in detail with resonant control considering that it provides
maximum performance and flexibility and is recognized by the scientific community as the
modern method of control in this case. Both the theoretical aspects of modeling the behavior
of resonant controllers as well as the practical aspects related to the implementation of this
type of control in the two fundamental domains, s and z are addressed. Aspects related to the
practical implementation of resonant control are of great importance so that an important part
of the thesis deals extensively with these aspects. It is proposed to deploy this type of control
using low cost solutions to facilitate its deployment in low-cost applications such as
residential ones. The proposed methods are validated by measurements made on the hardware
platform implemented in practice using commonly available electronic components on the
market.

1.3 Content of this PhD Thesis

Chapter 1 presents the scope and purpose of the PhD thesis as well as the content of
the thesis chapters.

Chapter 2 presents converters that operate with variable reference signals as well as
the control methods developed specifically for these converters. Also presented are the usual
reference systems, systems used to analyze the converter as well as the associated control
system. For each control method, the advantages and disadvantages as well as the reference
system in which the controller operates are presented.

Chapter 3 deals with the implementation of the resonant controller in the two
fundamental domains: the continuous time domain (s) and the discrete time domain (z). The
author proposes a few circuit topologies that can be used to implement the Proportional-
Resonant (PR) controller in the s-domain. For each circuit type there are presented the
electrical diagram, the equations describing the operation as well as the Bode diagrams. The
advantages and disadvantages of each type of circuit are also discussed. For z-domain
implementation, specific topologies as well as adverse effects from various specific processes
such as discretization and quantization are discussed. The effect of noise and finite resolution
of the ADC converter on PR controller performance are also discussed in detail. The author
presents in detail the effects of the finite gain of the resonant term on PR controller
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performance such as unit-step time response and stationary error. The author proposes a
method of implementing the resonant term based on the phase-sensitive amplifier, a method
that avoids the adverse effects introduced by the quantization process, and makes it possible
to implement resonant control using fixed-point 16-bit processors whose cost is considerably
lower than floating-point processors traditionally used to implement this type of control.

Chapter 4 discusses in detail the control of the three major categories of converters
that operate with variable references using PR control. For each type of converter, a PSIM
model has been developed and performance measured using various control methods. As
original contributions, the author proposes to introduce a resonant term for controlling the
low distortion rectifier based on the Boost converter as well as the use of hybrid control. This
chapter also addresses the issue of assessing the stability of the control system. The usual
analysis techniques for linear, invariant time systems such as Nyquist and Bode diagrams and
sensitivity are presented.

Chapter 5 outlines the practical results obtained by the author as well as the hardware
platforms used. Performance evaluation of control methods is performed using a low-power
single-phase inverter and a control board that can be used to implement both the digital
control and the hybrid control proposed in the previous chapter. The performances of the PR
controller implemented in the s-domain are evaluated using frequency analysis (Bode
diagrams) as well as time analysis. The practical results obtained are compared with those
obtained from the simulations.

The annexes present the PSIM and MATLAB models used throughout this thesis. Also
presented are the electrical diagrams of the hardware modules as well as the images during
the tests performed using these modules.
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2 The Control of Power Converters with Variable References

Control of static power converters working with time-varying reference signals like the
power inverters and Active Power Filters (APF) is traditionally performed using
"Proportional-Integral” (P1) controllers operating in Synchronous Reference System (ScRS).
A series of coordinate transformations such as Clarke and Park transformations are required
to ensure the operation of the PI controller in the synchronous reference system. This
eliminates the main disadvantage associated with the Pl controller, namely the impossibility
of eliminating stationary error if the reference and error signals vary over time. A block
diagram of such implementation is shown in Fig. 2.1.

The high complexity of such a solution makes it difficult to model and implement the
control system. The final cost of the solution is also high because it requires the use of signal
processors with high computing power.

A wide range of control methods dedicated to this type of power converters has been
proposed by researchers in the field over time. The main objective in mind was achieving
results similar to those achieved by PI control for DC-DC converters namely zero stationary
error, simplicity of implementation and a simple theoretical analysis.

lyg
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Fig. 2.1 Three-phase inverter controlled using PI-dg controllers [1]
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2.1 Power Converters with Variable Reference Signals

The first category of power converters operating with time-varying reference signals are
inverters. In Fig. 2.2 (a) shows a single-phase inverter currently in use in UPS applications.
Both the (i) and the output voltage (u.) can be controlled and the associated reference signals
are sinusoidal or include harmonic components. In Fig. 2.2 (b) presents a three-phase inverter
with balanced load. It is possible to control the three line currents ia, ig and ic in the case of
electric machines or the voltage ua, ug and uc in case of "voltage source™ inverters.
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Fig. 2.2 Single-phase inverter and three-phase inverter with balanced load

Active Power Filters (APFs) are circuits capable of improving the power factor for
nonlinear loads by eliminating line current harmonics. APFs generally offer improved
performance compared to passive filters, but at a higher cost. The electrical diagram of a
parallel type AFP is shown in Fig. 2.3 (a). In this case the inverter supplies to the load only
the harmonic components of the absorbed current so that the generator provides only the
fundamental component of the current which is sinusoidal.

The controlled rectifiers are the third major category of converters where the
reference signals are variable. The power range of this type of converter is very wide from a
few watts in the case of LED lighting applications up to many MW in the case of industrial
applications (electrolysis baths, rolling mills, etc.). In this type of converter, the control
strategy focuses on two desiderata: controlling the magnitude of the output parameter
(voltage in most cases) as well as controlling the shape of the input current. The shape of the
input current is very important for maintaining a high power factor. In Fig. 2.3 (b) shows the
electrical diagram of a Vienna rectifier. This type of three-phase rectifier is found in the
industry at high power, where it is necessary to control the magnitude of the continuous
output voltage as well as to maintain a high power factor.

[}
@
3
<}
2
S
Zo
52
s
es
EN
-
Ll
[
Il
»l
i
»!
Ll
L
e
»l
L
»l
Ll
[
o)
»l
L
z
(e]
<

! .
Ll

Generator

(@) (b)
Fig. 2.3 Active Power Parallel Filter (a) and Vienna Rectifier (b)
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2.2 Types of Controllers

2.2.1 The Hysteretic-type Controller

This type of controller was first proposed for inverter control and AFPs in the Stationary
Reference System (StRS). For many years, it has been the only type of control that provides
high performance for variable time reference signals [2, 3]. Hysteretic control is used to
control inverters [6], APFs as well as PFC circuits. Figure 2.4 (a) presents such a load-current
controller for a single-phase inverter. By extension, the same configuration is also used for
three-phase inverters to control line current in the three phases.

(b)

Fig. 2.4 Hysteresis type controller (a) and current evolution over time (b) [7]

The control signal for the power switches is obtained by comparing the error signal e
with the two ewn and emax thresholds. If e is less than ewn, then the higher switch to increase
the current is operated in the "closed™ state. Similarly, if e is greater than euax, then the lower
switch is operated in the "closed™" state causing the output current to decrease. In a real
implementation, an additional control circuit of the switches ensures their protection as well
as the insertion of a "dead time™ between the switching states of the two switches.

This type of controller, which belongs to the nonlinear control family, comes with a
number of notable advantages: it is simple to implement and is unconditionally stable [33],
ensures good accuracy and excellent response to variations in the reference or feedback
signal [2, 4] and has a reduced sensitivity to variation of load parameters [5].

Although this type of controller has been widely used for controlling currents in
inverters and AFPs, there are a number of associated disadvantages:

e The switching frequency is variable. This makes it difficult to design additional filters
to eliminate EMI. Also, the variable frequency may affect the operation of the power
elements. Because of the variable switching frequency, the parasitic resonances of the
output filter or the electric machine constituting the load can be excited [5].

e Selective elimination of harmonics in APFs is virtually impossible with this type of
controller.

e For three-phase systems, this controller is sensitive to interference between the three
phases. Analytical solutions have been proposed for this problem, but they are
sensitive to system parameters estimation.

Another drawback is related to the complexity of the analysis in assessing the stability of
the control system. Being a nonlinear controller, analytical techniques are complicated and
sometimes only approximate, making it impossible to find an analytical solution to the
problem [34].
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2.2.2 Sliding Mode Controller

Switching power converters are nonlinear systems with a time-varying structure. Based on
this observation, control with sliding variables known in the literature as "Sliding Mode
Control" [7] can be introduced. This type of control is used successfully for the control of
inverters, APFs and PFC circuits as well as for the implementation of various state observers
used for control of electrical machines.

Intuitively, it is noticeable that a linear and time-invariant system (described by first-
order differential equations) is much easier to control than a nonlinear and time-varying
system. Starting from this observation, the control strategy in the case of sliding-mode
control focuses on finding a linear system of the order one whose dynamics is equivalent to
the dynamics of the original non-linear system [29]. At this point, the original problem of
control of the nonlinear system of the n order is reduced to control of the linear system of the
first order. "The main advantages of sliding control are the simplicity of implementation,
stability, adaptability to large variations of system parameters and direct command of the
power switches" [7].

Comparator Comutatoare Filtru lesire

N
RELCIY S %% L = PO )
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kT [Xs]

Retea reactie negativa

Fig. 2.5 A non-linear system with variable structure [7]
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Fig.2.6 Sliding trajectory and the evolution of control signal u as a function of error [7]

If a bounded region of +4e near the S is considered, the state variables will evolve
within this region, basically "sliding” on the S-trajectory. In the specific case of a system
similar to that in Fig.2.5, state variables are controlled directly by the state of the two
switches. The value of the hysteresis depends on the frequency with which the two switches
switch; a null hysteresis value implies an infinite switching frequency.

The simplest form of implementation of this type of controller is based on a hysteresis
comparator similar to Fig. 2.4 (a). The switching frequency is variable, which is one of the
drawbacks of this implementation. Removing this disadvantage has been one of the major
research goals for many years. A number of changes have been proposed, among which the
introduction of auxiliary signals for generating commutation commands and a fixed
frequency PWM signal generation scheme, where the modulator signal is provided by the
sliding-mode controller [7].
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2.2.3 The ,,Deadbeat” Controller

This type of controller is part of the predictive control family and can only be implemented in
the discrete (digital) time domain [28]. Its popularity has increased significantly with the
widespread introduction of digital control [8, 28]. The main idea behind this type of control
comes from the analysis of the closed-loop transfer function of a discrete system:

_ Hc(2)Hp(2)
Hs(2) = 1+Hc(2)Hp (2) (2.1)

Where Hs(z) is the control-output transfer function, Hc(z) is the transfer function of the
controller and Hp(z) is the transfer function of the controlled system, i.e. the transfer function
of the power converter, in this case.

If a minimum delay is required for all working frequencies, we can note Hs(z) = 27 .
The two-cycle delay is associated with the calculations required to implement the controller
(first cycle) and the PWM modulator, the output filter, and possibly the inverter dead time
(second cycle) [8].

Le Re i
ﬂj W
+ J @
Vac
I
PWM Controler i«

Fig. 2.7 The output filter of an inverter

If it is considered an inverter whose output is connected to a filter composed of Lg
inductance and R resistor (Fig.2.7), the Zero-Order-Hold (ZOH) approximation can be used
for the discretizing of the associated transfer function:

_ 1
He(s) = 5 22)

It is considered the transfer function of the converter in the discrete time domain obtained by
discretizing the original function with ZOH:

Hp(2) = 21z {£~1 ==

“H6|) =T 23)

Rp 1-z71le77

Where T:RFTleF

Using (2.1) and (2.3), the transfer function of the ,,Deadbeat” controller becomes:

Rp 1-z7'e”"

Hpp(7) = R e ™ (2.4)
This type of controller provides very good performance but cannot reduce stationary

error to zero because of the two delay cycles. Also, to ensure maximum performance, it is

necessary to accurately estimate the parameters of the controlled system.

2.2.4 The PI Controller in Synchronous Reference System

The "Proportional-Integral™ controller (PI) is the most popular type of controller and
one of the most extensively studied and used [29]. The frequency response of the PI
controller has a native origin pole and a zero whose position can be controlled. The PI
controller is widely used to control DC-DC converters, especially those using "Programmed
Current Mode Control" as a control strategy [35]. The PI controller has infinite gain at zero
frequency, being able to eliminate the stationary error in the case of DC signals or with very
slow variation over time. For signals with a non-zero frequency, this controller cannot
provide the elimination of stationary error, its performance in this case being modest.

9
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Solving the problem of low gain for alternate signals is done by using coordinate
transformations. In the case of three-phase systems, the Park transformation (Figure 2.8) is
used. The two PI controllers are used for id and iq control, these two signals being DC now
[9]. This eliminates stationary errors, but the complexity of the control system increases

considerably.
id*
iapc |abc dg iap,
—+H>]

dg abc

—‘ > Gpi(s)
ig*

Fig. 2.8 PI controller in ScRS (balanced three-phase system)

In the case of AFPs, the selective elimination of harmonics is sometimes required. In
this case, the angular velocity wo associated with the Park transformation must be set
accordingly to the harmonics to be eliminated; wo = hw; where h is the rank of the harmonics
to be eliminated and w; the angular frequency of the fundamental. For each controller
associated with a harmonic component, the Kp and K, parameters must be individually
adjusted [10].

Gpm(s) = Kpp + Kmi (2.5)

A typical inverter application connected to the national network and controlled using
Pl controllers in ScRS is shown in Fig. 2.9. The complexity is very high and a high-power
DSP is required for implementation. For unbalanced systems, two PI controllers are used for
each sequence. In this case, the complexity is very high, requiring a double number of
controllers and a double set of coordinate transformations.

( Current
d controller
r’“ <]
i aff Lo Iy ‘
L -jg| .
- i e 1
B q »
ab { > oL
K
(4 K, +—-
f* *V i Current
v q controller
v aﬁ [ 2 9
S e v PLL
9B |
abc v
> J_>V d
e |y
-
Vdc

V,. controller
v
de ] K, +£
p
P controller

;PVI+Vi+Vi Q

e L -> K
S
X PQ controller Q controller
Q J

NS

Fig. 2.9 Typical application for controlling an inverter connected to the national network
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2.2.5 The Repetitive Controller

This type of controller has been proposed in an attempt to minimize stationary errors for
converters that work with harmonic reference signals such as AFPs. The basis of this type of
controller is the principle of the internal model: zero stationary errors can be obtained for a
given reference if the model of the reference generator is included in the controller model
[11].

Repetitive control was originally proposed for SISO, linear and invariant systems over
time. The originality of this type of control lies in the development of an internal model for
any periodic signal generator with a known period T. The model is of the form:

Mic(s) = —= (2.6)
If the control loop includes the Mc(s), then the system is able to track a periodic

reference with the T period, with a stationary zero error. A typical implementation in the
continuous time domain is represented in Fig. 2.10.

Rg(?

Fig. 2.10 S-domain repetitive controller

The term Mc(s) has no limitations on gain at high frequencies, theoretically there are
no restrictions even at infinite frequency values. This is undesirable in the case of practical
implementation, especially in the case of power converters. Changes have been proposed,
such as inserting a low-pass filter into the loop to limit gain at high frequencies. This
increases immunity to noise and robustness of the solution but reduces performance at high
frequencies.

Frequency response has an infinite array of poles on the axle, placed equidistant from
each other. Placed in a closed-loop control system, this controller provides infinite gain at the
1/ndTs frequencies resulting in zero stationary errors for these frequencies. In the case of a
fundamental frequency signal f1 and the associated harmonics, the condition to be satisfied is
NgTs = 1/f1.

In Out In Out
"M I>IF(2) Krep = > 27" IR (2) Krep >
FJ(2) z"™ J F2(2) z" J
Fig. 2.11 Repetitive controller that operates with odd/even harmonics, and only odd
harmonics

However, there are a number of drawbacks that need to be considered if this type of
controller is to be used:

e ngis an integer. This limits the options in terms of the frequency of the frequencies
where the gain peaks occur.

e n; must be the same for all frequencies associated with harmonics. If the frequency
response of the converter output filter is not proportional to frequency, such as LCL
filters, then the controller is unable to compensate for the phase errors input by this
filter. This is a serious limitation that can negatively affect the stability of the
controlled system.

11
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2.2.6 The Proportional-Resonant Controller

"Proportional-Resonant™ type controllers have been introduced as a control alternative for
inverters [15], APFs [12], controlled rectifiers [13], STATCOM, DVR [18] and motor control
systems [19]. This type of controller eliminates stationary error for variable references while
being able to operate directly in StRS. It is one of the most studied controllers due to its
flexibility, performance and simplicity [12-19]. Fig. 2.12 presents a specific implementation
of a three-phase inverter using PR controllers in StRS [16].

Fig. 2.12 Three-phase inverter controlled by PR controllers in StRS

It is noticeable that the implementation based on PR-type controllers is significantly
less complex than the classical Pl-based implementation. The PR controller acts on both
sequences (positive and negative) for unbalanced systems; so the complexity of the control
system is greatly reduced, and it is not necessary to explicitly extract the symmetric
sequences.

The general form in the Laplace domain of a PR controller is:

GC(S) = Kr + Kk >

2 2
S+ wr

(2.11)

where Kp - the gain of the proportional term, Kgr - the gain of the resonant term, wg - the
resonance frequency

Additional resonant terms can be added if the application asks for it (such as the
selective elimination of harmonics for APFs). The gain of the resonance frequency is infinite,
similar to a second-order system where the damping factor is zero. Such a controller cannot
be implemented using analog or digital circuits because it is impossible to obtain an infinite
gain in practice. The practical form of a PR controller is:

Ge(s) = Ke+ KRZ; (2.12)
s*+ &5+ wr
Where: & — damping ratio.

The second term of equation (2.11) is associated with a generalized integrator.
Virtually a "sinus" signal will be integrated over time without introducing an additional phase
error [17]. The existence of this term leads to a similarity between the PI type and PR type
controllers, with the specification that in the case of the PR type, the integral term acts only
on the signals with frequencies very close to the resonance frequency. The PR controller
provides a high gain around its own resonance frequency, being able to eliminate the
stationary error for variable time references.

12



Modern Methods for Control of Power Converters with Variable Reference Signals

2.2.7 Conclusions

A wide range of methods and improvements have been proposed for controlling converters
operating with variable reference signals. Each method has associated advantages and
disadvantages that can be used to control a particular type of converter.

Hysteretic control provides excellent performance in reference signal tracking and
response to load variation. The major disadvantages of this controller are the variable
switching frequency and the sensitivity to the variation of the converter parameters. Another
disadvantage is related to the complexity of stability analysis methods. This type of controller
requires analysis using non-linear control methods, which are generally difficult to apply.

Sliding mode control also provides excellent performance for variation of reference
signal and load, but requires variable switching frequency. The proposed methods to ensure a
fixed switching frequency adversely affect the performance of this type of control. Stability
analysis methods are complex because this controller is a non-linear one.

The "Deadbeat" controller can only be implemented in the z-domain and belongs to
the predictive control family. The performances obtained with this type of control are good,
but depend to a great extent on the accuracy with which the parameters of the controlled
system are estimated. The variation of these parameters adversely affects the "Deadbeat”
controller.

The PI-type controller running in ScRS is widely used for controlling converters with
variable reference signals, being the most popular and studied type of control. It provides
excellent performance in eliminating the stationary error, but the control system has a very
high complexity due to multiple changes of the reference system.

The repetitive controller was the first solution introduced for systems where the
reference is time-varying and has harmonic components. This solution, although providing
good performance, presents implementation difficulties. The required delay line is easy to
implement in the z-field but difficult in the s-domain. There are also constraints on the
frequency spectrum for the controlled signal.

The PR controller, implemented using the generalized integrator, has generated a
special interest for the scientific community due to the flexibility it offers. This type of
controller operates in StRS providing the same performance as the PI controller in SCRS but
with a much lower complexity of the control system. It is the modern method of control
adopted on a large scale for the control of converters with variable references.

The next chapter analyzes the implementation of the PR controller in the two
fundamental domains: the continuous time domain (s) and the discrete time domain (z).

13



Modern Methods for Control of Power Converters with Variable Reference Signals

3 The Implementation of PR Controller in s and z domains

3.1. The Implementation of PR Controller in s-domain

In the literature, the presentation and analysis of the PR controller is in a high proportion in
the s domain. However, when it comes to the practical implementation of this type of control
it is in most cases in the z-domain. The main reason is the flexibility that digital
implementation offers and the rapid development of solutions dedicated to this type of
control. Implementation in the field has several advantages that can simplify the design
process of this type of control. These can be listed:

e The maturity of the analysis methods in the s domain. The entire design process can be
done in the s-domain and then it can be traversed in the z-domain by a number of well-
known methods (Euler direct and inverse transformations, Tustin transformation, etc.)

e Implementation using active circuits such as operational amplifiers. This can result in
substantial price reductions for some applications.

e Lack of constraints associated with discrete systems regarding the frequency spectrum of
the signals. For discrete systems, the maximum frequency must comply with the Nyquist
criterion; in the case of analogue systems, this is not necessary.

e A large number of simulators operate in the continuous time domain. Here are SPICE-
based ones.

The main drawback of implementation in the s-domain is the lack of flexibility. An
example of this can be the PR controllers operating with variable frequencies. In this case, the
adjustment of the central frequency for analogue systems is extremely difficult and
impractical. In the case of digital systems, this is done easily by modifying the coefficients
associated with the filter.

In Fig. 3.1 shows a possible configuration of a PR controller in the s-domain. The
implementation is based on an operational amplifier and passive components of type R, L and
C. The presence of the LC series circuit in the amplifier's feedback loop modulates its gain
according to the frequency. The impedance of the LC series resonant circuit is minimal at the
resonance frequency, the gain being the maximum at this frequency. The resonance
frequency is given by:

_ 1
fc ~ 2m/LC (31)

The circuit transfer function is:

Vour _ _|Rz2 | R3 SR;C

Ve LRy + Ry (1 + 1+52LC)] (3:2)
Suppose Ry;<<R; and R,<<Rs:

Vour ~ R3 SR,;C

s - [ )] (3:3)

The gain of the amplifier for frequencies different from the resonance frequency f. is given by
Ri, Ry and Ra.

Gp=—-— (3.4)

This gain is associated with the proportional term and is frequency independent.

The scheme in Fig. 3.1 can be easily modified to support multiple resonance
frequencies by adding additional resonant terms. In Fig. 3.2 is a diagram of a PR controller
with three resonant frequencies: 50 Hz (fundamental frequency), 150 Hz (third harmonic) and
250 Hz (fifth harmonic).
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Fi_g. 3.2 Multiple resonant freq_uencies PR controller and the Bode diagrams

The topologies presented are simple and can be used successfully in inverter
simulations, APFs and power factor correction circuits in the s-domain. There is, however, a
major disadvantage associated with these circuits, namely the non-practical values for the LC
circuit components. An inductor with a value of 47mH, good tolerance and high quality
factor is very difficult to be produced in practice. The cost and dimensions of such a
component are very high. Also, the capacitor is large and non-polarized. It must have a tight
tolerance to avoid important errors that may affect the resonance frequency. Such a
component has a very high price and occurs in series of values, finding the value required for
the resonance frequency adjustment (generally different from the standard values), being
virtually impossible. Under these circumstances, it is necessary to seek solutions that can be
easily implemented using common components produced in large series at a low cost. Large
components and wide tolerances such as inductors are also to be avoided.

Using the same principle of introducing into the loop of networks whose impedance
varies with frequency topologies that can be used for PR controllers can be obtained. The
"double T" type network, commonly used in the synthesis of "band-stop™ filters, presents a
specific response to a second-order system with a sharp decrease in gain at resonant

frequency. The resonance frequency for such a network is given by:
1

fe = 2mTR3C;
The network’s transfer function is:
2 2
Hr(s) = —wg‘fz)z‘fs v (3.6)
Where wo =1/RC. The quality factor Q is 0.25.
In Fig. 3.3 is a possible configuration of a PR controller implemented using a "double
T" type network introduced into the feedback loop of an inversion amplifier. The X3 repeater
amplifier provides high input impedance for the "double T" network. Proportional gain is
well defined for frequencies different from the resonance frequency and is given by:

Gp=—=2 (3.7)

Ry

(3.5)
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The quality factor is relatively small, as can be seen from the associated Bode diagrams.
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Fig. 3.3 PR controller implemented using a “double T" network

3.1.1. Conclusions

Implementation of PR controllers in the s-domain can be done using several amplifier
topologies in which the feedback loop has introduced impedance elements that vary with
frequency. The practical importance of these circuits is relatively limited due to their high
sensitivity to component tolerances and very low flexibility. Basically, the resonance
frequency cannot be dynamically adjusted, constituting a major disadvantage for applications
requiring continuous control over this parameter, such as inverters connected to the national
power distribution network or APFs.

S-domain implementation is, however, of interest when targeting applications where
final cost is to be kept under control such as fixed frequency inverters that are part of
"Uninterruptible Power Supply™ (UPS) type systems.

The topologies presented may also be useful for simulating power circuits using
simulators in the continuous time domain like SPICE. In this case, the influence of parasitic
elements and noise on controller performance can be estimated using real components instead
of the ideal ones commonly encountered in simulations.
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3.2. Implementation of PR Controller in the z-domain

The implementation of this controller in the discrete domain is particularly important due to
the fulminant development of the solutions dedicated to digital control. The digital
implementation of controllers eliminates the disadvantages associated with analog
implementations such as lack of flexibility, variation of parameters with component
tolerance, and undesirable effects from aging components [28, 30]. The specialized literature
presents the PR controller in the domain of s, one of the reasons being the maturity of the
analysis made in this field. However, the vast majority of applications including PR
controllers are implemented in the z-domain using microprocessors, digital controllers or
FPGAs. For z-domain implementation, some discretization methods have been proposed,
each with its own advantages and disadvantages. The effects of the discretization process
cannot be neglected and the conclusions of the analysis in the field can be affected to a
significant extent by these effects.

3.2.1. The Effects of the Discretization Process

The design of resonant controllers is generally done in the s domain. Stability of the control
system is also evaluated in the s-domain, and then the entire controller is discretized using
one of the dedicated methods discussed above and implemented in a DSP. The effects
introduced by the quantization process as well as the implications for the actual
implementation of the controller in the DSP should be carefully assessed to achieve the
expected performance.

One of the adverse effects of the discretization process is the movement of poles and
zeros [20]. Their original position in the complex plane s is different from their position in
the z plane. The consequence of this frequency shift is the significant degradation of
controller performance.

Fig.3.4 presents the Bode diagrams for the original resonant term in s and for the
resonant term discretized with the Tustin method. The resonant term has a resonance
frequency equal to 350 Hz. One can observe the same phenomenon that also appears in the
discretization of the resonant term implemented with two simple integrators. The resonance
frequency after the discretization process is 348.6 Hz; an error of about -1.4 Hz. The gain is
significantly affected, basically being very low for the original 350 Hz.

Bode Diagram

Magnitude (dB)

Phasc (deg)

~ s I L I L L
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5 35
F requenic(;/ (Hz)

Fig. 3.4 Bode diagrams for Tustin discretization
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3.2.2. The Effects of the Quantization Process

The implementation of the controller in the DSP involves the representation of the
coefficients and the signal from the output of the analog-to-digital converter in a format
supported by the DSP. This process introduces additional adverse effects to be taken into
account for a good assessment of the performance of the controller. Most digital signal
controllers use fixed-point representation on a fixed bit number that varies between 16 and 32
bits.

One of the side effects introduced by the coefficient quantization process is the shift
of the polar frequency of a digital filter. It is possible to determine the variation of the

position of poles p; to the coefficients variation ax by introducing the sensitivity function:
9pi _ 27k
da;  —(z ML jrya(1-pjz7) -

(3.8)

bi

It can be noted that if the poles have close positions, the sensitivity to the disruption of the
coefficients is high. In the case of the resonant term of the PR controller, the poles are
complex conjugated having the same angular frequency. In this case, the associated
sensitivity is extremely high. In [22] is proposed the following expression for moving the
double pole frequency in the case of a system of the order M:

1/M
Zgzl —Aakzz’,‘n (3 9)

Az,, =
n N
14 Hl:l»zplizpn(zp"_zpl)

For the resonant term, the effects of quantization can be extremely pronounced. For
16-bit quantization, the double pole frequency error is about 0.04 Hz. Gain is strongly
affected by this error (Figure 3.5). When using the 24-bit and 32-bit quantization, the input
error is small, basically the Bode plots for overlapping gain.
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Fig.3.5 Bode plots for the original resonant term and 16, 24, and 32-bit quantized terms.
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3.2.3. The Implementation Based on the Phase-sensitive Amplifier

The analysis of the effects introduced by the quantization process in the previous subchapter
reveals virtually the impossibility of implementing the resonant term using a low cost DSP
with 16-bit resolution and fixed-point representation. This is a major disadvantage if a low
cost and low cost digital converter is to be designed. In view of this, the author proposes an
implementation based on the phase amplifier principle known in the literature as "Lock-in
Amplifier". The block diagram of such an amplifier is shown in Fig. 3.6.

it) 1
% S+we

U(t) cos(wt)

o
aw| 1 %

Stwr

Re(u(t))

Im(u(t)

sin(wt)

Fig. 3.6 Phase-sensitive Amplifier

The two i(t) and q(t) signals at the output of the multipliers are also called "in phase” or
"quadrature” respectively. The associated expressions are:

i(t) = u(t)cos(wt) (3.10)
q(t) = u(t)sin(wt)
If u(t) is:
u(t) = A, cos(wt)
Then:

i(t) = A, cos(wt) cos(wt) = %“ [cos(0) + cosRwt)] = %”[1 — 2sin?(wt)] (3.11)

q(t) = A, cos(wt) sin(wt) = A;“ [sin(2wt) — sin(0)] = AT”sin(Zwt) (3.12)

The alternate components are filtered with a low-pass filter and the resulting DC
component is amplified by the G amplifier. For different frequencies the DC component is
null, virtually the output of the G amplifiers being null. The circuit behaves like an extremely
narrow bandwidth filter with a central frequency equal to ®/2xn. If the low-pass filters are
replaced by ideal multiplier outputs and the output of these integrators is multiplied by
sin(wt) Or cos(wt) reference signals, the resulting circuit behaves as a generalized integrator
with the central frequency o / 2m; the gain is infinite for the signals with the frequency w/2n
and the null for the signals having another frequency.

The resonant term implemented with the aid of the phase-sensitive amplifier principle
has the block diagram represented in Fig. 3.7 (a). Generally, the sin(wt) and cos(wt) reference
signals are available inside the control system being generated locally using controlled
oscillators or PLL circuits.

For a PR controller, the resonance central frequency is known to be an initial design
parameter. Considering this aspect, the configuration can be simplified as shown in Fig. 3.7
(b). In this case, the error signal e(t) is further offset by 90° by means of a "all-pass" filter
[24]. Thus it is necessary to provide only the reference signal sin(w(t) and w. The "all-pass"
filter is easy to implement in the z-domain and is less sensitive to the effects of quantization
having the order of one [119]. The characteristic equation with finite differences is (3.13)
[24]:
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y[n] = Ay[n — 1] + Bx[n] — x[n] (3.13)

3

Stw
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e(®) cos(wt) e s Rout(t) e(t) 1

(9 {T@
sin(wt) sin(wt)

@ (b)
Fig. 3.7 Resonant term implemented using a phase-sensitive amplifier (a) and his simplified
form (b)

Rout(t)

In case the phase error input by the output filter is low, the resonant term can be
implemented using the topology of Fig. 3.8 (a). According to (3.11) and (3.12) the continuous
component at the output of the propagation circuit depends on the phase difference between
the e (t) and sin (ot) signals. To maximize the continuous component, the phase difference
between the two signals must be zero. The compensation of any phase errors introduced by
the controlled system can be done using "all-pass” phase filters as shown in Fig.3.8 (b). The
additional phase introduced by the "all-pass” filter is estimated by:

LH,p(s) = 180 — 2 tan~? (ﬂ) (3.14)

wo

Where wy is the own frequency of the "all-pass” filter.

e(t) S-we 1
€ (t) ]S- R aut(t) ] S+we S Rault)
S-wy
sin(wt) sin(wt) sty
@ (b)

Fig. 3.8 The simplified resonant term (a) and how the phase errors can be compensated using
“all-pass” filters

The major advantage of implementation based on the phase-sensitive amplifier is the
low sensitivity to the quantization errors associated with the filter coefficients that are part of
the resonant term. Practically, the performance depends on the accuracy of the sin(wt)
reference signal. If this type of control is basically implemented using a low cost DSP, fixed
bit 16 bit, it can be a major advantage. There is also a disadvantage of this implementation:
the calculation of the sin(wt) reference in real time requires important resources. This may
become a major problem if there are several resonant terms requiring different frequency
reference signals, such as APFs. For the case of fixed-point processors, trigonometric
functions are calculated using tables; so the required calculation time is very low.

For high-power applications in industry, the costs associated with using a powerful
floating-point DSP are not a major issue.
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3.2.4. The Effects of Noise

Converting the control parameters from the s domain into the z range is done by means of an
analog-to-digital converter ADC. It also introduces adverse effects that need to be taken into
account in a real implementation. The first effects are introduced by the sampling and
quantization processes taking place in ADCs.

The noise distribution is considered to be uniform in the range -An/2, An/2 where Ay is
the quantization interval. The statistical average of the error signal defined as e,=Q[x(n)]-
X(n) is zero. The variance of the error is:

02 = E[e,?] = &
Q n 1=

(3.15)

For a 10-bit ADC, the theoretical dynamic range is about 60 dB. In practice, the noise
input by processes associated with the power converter (switching power elements, parasitic
resonances, etc.) can reduce this dynamic range. DSPs developed for power applications
generally include an ADC with a resolution of between 10 and 16 bits. The preferred
converter type is the one with successive approximations due to low cost and high speed. The
presence of ADC within the DSP is conditioned by constraints related to the time of
sampling; a timing synchronization signal is generated by the integrated PWM generator.
Figure 3.9 (a) shows the optimal ranges in which the sampling process can take place.
Practically, this range imposes restrictions on sampling frequency; the sampling frequency
must be an entire submultiple of the switching frequency. In the optimal case the two
frequencies coincide.

In [27] it is shown that in the case of sinusoidal signals the estimated variance of
(3.15) is not correct. In this case, a modified relationship is needed to correctly estimate this
parameter:

2
08 ==+ Y2, S Jo(2mna) (3.18)
Where JO is the Bessel function of the order 0 and A is the amplitude of the sinusoidal signal.

Fig.3.9 (b) shows the variance of error according to the amplitude A of the sinusoidal
signal. For large signal amplitude values the variance can be precisely approximated using
(3.15). When the signal amplitude decreases, the variance of the quantization error differs
significantly from the estimated value by (3.15). To minimize the errors introduced by the
quantization process it is necessary to maximize the amplitude of the applied signal at the
ADC input so that in all cases it is within the upper limit of the accepted range.
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Fig.3.9 Optimal timeframes for sampling (a) and the variance of the error as a function of
signal’s amplitude A (b)
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3.2.5. Conclusions

Implementing the PR controller in the z-domain is of particular practical importance because
of the benefits it offers. Among these advantages can be mentioned: increased flexibility,
extremely tight tolerances of parameters, lack of effects caused by environmental factors such
as temperature and the inherent aging of components. However, there are a number of
adverse effects associated with this implementation that need to be considered to ensure a
correct estimate of the controller's performance. The main effects are related to the process of
quantization, inevitably in digital implementation. The resonant term of the PR controller has
two conjugated complex poles whose frequency is equal, making it extremely sensitive to
quantization errors of the equivalent digital filter coefficients. The simulations made lead to
the conclusion that it is virtually impossible to implement such a controller using a 16-bit
fixed-point DSP (low cost). A solution has been proposed to solve this situation, namely to
implement the resonant term using a phase-sensitive amplifier. The proposed solution allows
the implementation of the PR controller using low-cost DSPs specifically developed for
power applications.

The effects of the noise on the controller were also discussed, demonstrating the

impossibility of obtaining the estimated performance by using models in the s-domain and
the extremely high resolution of the simulators operating in this domain.

3.3. The Time Response of the PR Controller

The above-described topologies can be used to implement resonant control especially when it
is desired to verify the application using a simulator in the s-domain. Assessing the
controller's stability and its response to the unit step input are essential steps in the design
stage. It is also important to evaluate the effects of the final gain of the resonant term; in a
real implementation the gain is finite and depends on the resolution of the control system.

3.3.1. The Effects of a Non-zero Damping Ratio

Consider the PR controller described by (2.12). This is the popular form found in most of the
specialist articles. The response to a sinusoidal excitation signal as well as the unit step
response will be evaluated by simulation. For simplicity, Kp=1. Also Kg is constant, 10.
Simetrix/Simplis is used for analysis. The resonance frequency is 50 Hz in all cases.

In [12] it appears that it is not advantageous to introduce a damping factor because
infinite gain does not affect the stability of the controlled system; the point of interest where
stability is assessed is where the gain of the loop is unitary and the position of this point
depends on the characteristics of the controlled system, not the controller. However, this
article discusses only the frequency response, not the time response. In Fig. 3.11 shows the
replies to the original version step implemented with two ideal integrators and the version
proposed by the author. A 50 Hz sinusoidal signal is applied for one second. It is noted that
for the ideal resonant term the output remains constant after removal of the stimulus. In the
case of the modified resonant term, the output exponentially converges to zero after the
stimulus is removed.

To evaluate the effects of the resonant response time on the performance of the
controlled system, a single-phase inverter model is used where the output current is
controlled using a PR controller. For this model the parameters are: 20 kHz switching
frequency, coil inductance 1 mH, load resistor 1 Q. For the first set of simulations, the
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controller parameters are: Kp = 1, Kg = 1 and & = 10E-5. The following parameters are
displayed: reference voltage for the Vref controller, current in inductor IL, output of the
proportional term P_Out and output of the resonant term R_Out. In Figure 3.12 these
parameters are displayed as a result of the simulation. The exponential response is observed
at the resonant term output after applying the step-type signal. In the first part of the interval
the proportional term dominates the controller output and ensures the follow-up of the Vref
reference. The response time for the resonant term output signal is long, many periods of the
reference signal being required to compensate for the stationary error. When the amplitude of
the reference signal is significantly reduced, the output of the resonant term has a high
amplitude and due to the very low damping factor it decreases with a very long time constant.
This introduces an undesired additional phenomenon, namely a controlled signal error; In this
case, the inductor current has an alternate component whose amplitude is not controlled by
the reference. This error is present in the waveforms presented in Fig.3.12.
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Fig. 3.11 Step response time response for the original resonant term (low damping factor)
and for the modified one (larger damping ratio)
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Fig.3.12 The time response of the inverter ({=10E-5) and the transient error introduced by
the response of the resonant term

For the quantitative analysis of the stationary error introduced by the finite gain of the
resonant term, a model of the controlled system is used. The block diagram of the closed-loop
system is shown in Fig.3.33 (a). The inverter is modeled as a first order system:

1
HINV(S) = GPWMH
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Where L is the output filter inductance, Ry is the load resistance and Gpwwm Is the gain of the
PWM modulator. Gs is the gain of the current sensor that measures the current in the
inductor.

e(t) e(t)
Veex(S) Go+——S Srum y©) || veerts) Grr Coun v
REF ¥ P rEstu? sL+R, J il £ wW=wo sL+RL J
Gs GS
@ (b)

Fig.3.13 Closed loop system’s model, the complete one (a) and the simplified one (b)

To evaluate the stationary error in the negative feedback control systems, refer to the
final value theorem [32]. For a given system the stationary error is:

er(s) = limg_, SE(s) (3.46)

Where e is the stationary error (t—o0) and E(S) is the error in the control system calculated as
the difference between the reference signal and the actual output at the system output.

The stationary error evaluation is done by applying an impulse type, step unit, ramp or
accelerated ramp to the input of the system and evaluating (3.46). For the case of the PR-
controller with sinusoidal input this theorem cannot be applied because the conditions of
existence for (3.46) are not met. The resultant equation for which the limit is to be evaluated
is a pair of poly complexes, in which case the final value theorem does not apply. Also, the
final value for a sinusoidal signal cannot be defined. In order to apply this theorem to the PR
controlled system, some initial assumptions are required:

e The gain of the resonant term is finite. This is ensured by the non-zero damping
factor.
e The system is now controlled by a "proportional™ controller whose gain is given by
the gain of the PR controller rated for the resonance frequency.
e The applied stimulus is a step unit.
Figure 3.13 (b) presents the new system resulting from the above simplifying
assumptions. For this result system the application of the final value theorem leads to:

— 1 _ Ry
€f = T GsGprGPWM
1+
Ry

(3.53)

Rp+GsGprGpwM

Stationary error is nonzero for any finite Gpr gain. A high gain reduces stationary
error; in the case of an ideal integrator this gain is infinite, the stationary error in this case
being null. The gain of the resonant term amortized at the resonance frequency can be
calculated as follows:

N

1
s2+{s+w?

=2 (3.54)

Gpr(wp) =

s=jwo
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3.3.2. Conclusions

In real implementation the gain of the resonant term is always finite. This implies a non-zero
stationary error. Basically the system is controlled by a proportional controller and its
stationary error can be estimated using the finite value theorem.

The time response to the unit is strongly dependent on the damping factor. A low
damping factor makes the response of the resonant term very long by introducing additional
errors if the reference signal suddenly decreases from the steady state value to a considerably
lower value. Increasing the damping factor reduces the response time of the resonant term to
the unit but decreases its gain by increasing the stationary error.

4 The Control of Power Converters Using PR Controllers

This chapter investigates the use of PR control for power converters that work with time-
varying reference signals. This type of control will be evaluated for several types of power
converters such as inverters, APFs and PFC circuits using simulations in the s-domain. The
simulation models will be developed using PSIM and Simetrix/Simplis simulation
environments.

4.1. The Control of Inverters

Performance evaluation is done using a model developed in PSIM. In this case, the controlled
parameter is the average current of the output inductor corresponding to the current supplied
in the inverter load. The average value of current control will be implemented using three
types of controllers in the stationary reference system. The three types of controller used are:
P type, PI type and PR type. The type of modulation used is the "bipolar” type with a carrier
frequency of 20 kHz. The gain of the current sensor that measures the current i is unitary.

In Fig. 4.1 (a) shows the output current (i_) of the single-phase inverter when using a
P-type controller with unitary proportional gain. There is a consistent stationary error.
Reducing this stationary error is by increasing proportional gain. Fig. 4.1 (b) presents the
stationary error if the proportional gain is 20 dB. The increase in the proportional gain to 46
dB significantly reduces the stationary error value (Figure 4.2), but the PWM modulator
operation is affected by the presence of the ripple in the control voltage.

0.28 0284 ' 0.288 ' 0.282 ‘ 0.296 ' 03 028 0.284 0.288 0.292 0.296 03
Time (s) Time (s)

(@) (b)
Fig. 4.1 The reference and the real waveforms of the inverter’s output current. The controller

is of P type (GP=0 dB (a), GP=20 dB (b))

The next type of controller applied is Pl type. The associated transfer function is:

1+7s

Hp,(s) =

(4.1)

Ts

Where t=0.001s.
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Fig. 4.2 The stationary error of a P controller (GP=46 dB) and the same error for Pl
controller

In this case, the presence of the stationary error and the presence of a phase error are
observed, the controller not being able to follow the required reference. This additional phase
error can significantly affect the performance of the inverter if it is connected in parallel with
the network by reducing the power factor. Increasing the proportional gain reduces the phase
difference but negatively affects the operation of the PWM modulator.

For the next set of simulations, enter the PR control. The PR controller used for
inverter control is described by:

S
Hpr(s) =1+ $2+40.015+(2750)2 (4.2)
In this case, the proportional gain is unitary and the gain of the resonant term is finite, equal
to 40 dB at the resonance frequency. The waveform of the output current is shown in Fig.4.3.
The stationary error is substantially reduced without affecting the operation of the PWM
modulator. THD is excellent, about 4.4%.

4.9 4.904 4.908 4.912 4.916 4.92 4.904 4.905 4.906
Time (s) Time (5)

Fig. 4.3 The inverter’s output current waveforms and the stationary error in the case of PR
controller

Previous simulations demonstrate the superior superiority of resonance control over
classical solutions based on P and Pl controllers. In the following, the performance of the
resonant control will be evaluated if the load at the inverter output is nonlinear. For the first
set of simulations the load connected to the output consists of a full-wave rectifier followed
by a 4700 uF capacitor filter and a 10 Q resistor. The controller used is the one described by
(4.2). The output current and its spectrum are shown in Fig.4.4. In this case THD is 33% and
the spectrum is dominated by the fundamental and its odd harmonics, especially the third and
fifth.
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Fig. 4.4 The output current and his spectrum in case of the nonlinear load

The introduction of an additional resonant term granted on the third harmonic
frequency leads to a THD of 24%, a decrease of about 9% compared to the previous case
where a single resonant term was present. The output current and its spectrum are shown in
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Fig. 4.5. In this case the gain of the two resonant terms is equal to 40 dB at the associated
resonance frequencies. It notes the low amplitude of the third harmonic.
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Fig. 4.5 The waveform of the output current and his spectrum. The load is nonlinear and the
control is PR with two resonant terms (50 Hz and 150 Hz)

4.1.3. The Hybrid Control

Resonant control of inverters allows for excellent performance and can successfully replace
classical control based on P and PI controllers in StRS or PIs in ScRS. The cost of
implementing resonance control is generally higher than classical solutions using dedicated
integrated circuits because it requires the use of a DSP. A low-cost solution that can be used
to control simple inverters that are part of the UPS is based on a hybrid control system.
Within this system the resonant controller is implemented in the s-domain and output is
controlled by a digital PWM modulator that is part of a digital system. The reference signal is
generated by the digital system using a Digital-to-Analog Converter (DAC). Implementation
of this topology can be done using 8-bit microcontrollers whose cost is very low by
comparing the costs associated with a dedicated DSP.

The block diagram of the proposed hybrid controller is shown in Fig.4.6. The PR
controller is implemented in the s-domain using one of the topologies presented in the
previous chapter. The reference signal is generated by the microcontroller using the internal
DAC converter and a Numerically Controlled Oscillator (NCO). The amplitude of the output
voltage of the inverter is controlled in the closed loop by altering the amplitude of the
reference sinusoidal signal. The signal from the PR controller output is passed to the z-
domain with the internal ADC converter and directly controls the digital PWM generator
inside the microcontroller. Thus, a low cost microcontroller can be used to implement a
resonant control system for UPS.
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Fig. 4.6 The block diagram of the hybrid controller
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4.1.4. Conclusions

The use of resonant control for inverters brings substantial benefits for both linear loads, by
reducing stationary error, especially for nonlinear loads where it ensures the selective
elimination of harmonics in StRS without resorting to coordinate changes. The relatively high
cost of z-domain implementation is justified by the performance achieved. For low cost
applications where the reference signal frequency is fixed, hybrid control may be used in
which the implementation of the PR controller is made in the s-domain using operational
amplifiers and passive components.

4.2. The Control of Active Power Filters

In order to evaluate the performance of the AFPs, the PSIM model presented in Annex A was
developed. The performance of the different control methods based on Pl and PR type linear
controllers.

160

120
&0

60

038 0.385 039 0.385 a4 .97 998 998 10
Time (s) Time (s)

Fig. 4.7 The line and load current of a three-phase APF controlled by a PI respectively PR
controller
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Fig. 4.8 Spectrum of the line and load current (PI controller)
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Fig. 4.9 Spectrum of the line and load current (PR controller)
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4.3. The Control of Power Factor Correction Circuits

In Fig. 4.10 presents a classic implementation of a PFC based on a Boost converter. This
configuration is widespread and is used for power factor correction in both three-phase and
single-phase systems. It is also the basic configuration for deploying low-distortion rectifiers
in general-purpose AC-DC converters in the industry as well as in consumer goods. For the
first set of simulations, the PI controller is used. This is the usual configuration found in most
PFC applications. The PI controller is described by:

1+7s

Hp,(s) = 0.5 (4.15)

Ts

Where 7= 0.0001 s.
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Fig. 4.10 PFC circuit implemented with a Boost-type converter

The performances of the low distortion rectifier based on the Boost converter and
controlled by the PI controller are generally very good. However, the Boost converter is very
sensitive to noise and in high power applications where the switching frequency is relatively
low, it is desirable to reduce the level of high frequency ripple inserted in the PWM
modulator. Thus, the controller's band must be severely limited to just a few kHz. This
bandwidth has a negative impact on the tracking capability of the reference signal. In this
case, a resonant time can be given on the fundamental frequency of the reference signal,
respectively, 100 Hz in this case. The controller contains two terms, a P-type with limited
band and a resonant one on the frequency of interest. The proportional term may be replaced
by a Pl-type term where the bandwidth limitation is inherent.

The transfer function of the proposed controller is:

wp 1

Hpg(s) = Kp ——+ Kpg

wp s2+wp?

(4.16)

where Kp =26 dB, Kgr =0dB, wp =21700 and wg = 21100.

Fig.4.11 shows the input current spectrum for the two control strategies. One can
notice a significant decrease in the amplitude of the third harmonic when using the resonant
term.
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Fig. 4.11 Input current spectrum for a PFC circuit controlled by PI respectively PR
controllers
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PFC circuits based on the low distortion rectifier implemented with the Boost
converter also benefit from improved performance if resonant control is used. The
introduction of a single resonant term in parallel with the classical P or PI controller can
significantly reduce the magnitude of the dominant harmonics, especially where there are
constraints related to the maximum switching frequency. The resonant term also provides
minimal protection against the noise input by the reference signal which is taken over by the
input voltage. This control strategy was proposed in [O.1].

4.4, The Stability of the Control System

Assessing the stability of the control system is an important step in the design stage of the
power converter. The PR controller belongs to the family of linear controllers for which
stability analysis is done using specific techniques such as the Nyquist criterion and the Bode
diagrams.

The inverter of Fig. 2.7 is considered to be the transfer function (2.2). The related
controller contains a proportional term and three resonant terms given on the 50 Hz
fundamental frequency, respectively on the 3rd and 5th harmonics. The closed-loop system
diagram is shown in Fig.4.12.
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Fig. 4.12 The block diagram of the closed loop system

The system’s closed loop transfer function is:

Ger(s) = —28__ (4.17)

14+Gs(s)GE(s)

Where Gg(s) is the direct path transfer function and is given by:

G S N s
GF(S) - s:-r:\: (GP + s2+(s+w? + s2+(s+(3w)? + 52+(s+(5w)2) (4'18)
For the characteristic polynomial of this transfer function, the Bode or Nyquist
diagrams can be drawn and stability can be assessed using known criteria. The high
complexity of the transfer function makes it difficult to use analytical techniques. Generally
because of the large order of the characteristic polynomial (in this case the polynomial is of
the order of seven), the analytical methods that require finding the solutions are difficult to
apply. Graphics such as Bode diagrams provide important information about both stability
and important additional parameters such as the control system bandwidth.
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4.4.1. Conclusions

System stability assessment is a fundamental step in the design of applications involving
controlled power converters using resonant controllers. In order to evaluate stability, we use
the techniques devoted to linear and invariant systems in time such as the Bode and Nyquist
diagrams. This is a major advantage of PR controllers compared to nonlinear methods used in
the past.

5 Practical Results

To implement the PR controller proposed in Chapter 3, a flexible hardware platform
consisting of a single-phase inverter and a control and control board has been developed. The
control and control board enables the implementation of resonant control in both the s and z
domains.

5.1. Hardware Platforms

In Fig. 5.1 shows the image of the inverter and the output filter. The two
subassemblies are interconnected using the J2 connector placed on the inverter board. Input
voltage to the inverter is supplied from outside using the J1 connector. The input voltage
range is between 0 V and 400 V and the maximum current supplied by the inverter is 5 Arwus.
The digital control system is implemented using a dsPIC33FJ16GS502 DSC produced by
Microchip Technology. This DSC is especially developed for controlling power converters.
The DSC is powered at a 3.3 V voltage supplied by a voltage regulator MCP1703-3 on the
control and control board. Analog inputs are used to measure the current sensor output
voltage, output voltage of the inverter output voltage measurement circuit, and output of the
PR controller implemented in the s range. The control signal for the power switches is
provided by the PWM generator integrated digital. Also, the same PWM generator provides
the "dead time" required for the optimum command of the power switches.

The analog PR controller is implemented using the topology described in Fig. 3.6. A
"double T" network is inserted into the negative feedback loop of an operational amplifier.
The output of the "double T network is isolated from the inverse input of the operational
amplifier (low impedance node) by means of a repeater amplifier. Within the "double T*
network, passive components, resistors and capacitors with 5% tolerance were used. The
capacitors used are high-quality PPS (Polyphenylene sulfide) film type. The reference for the
analog PR controller is provided by the DSC at the non-inverting input of the operational
amplifier. This also produces the generation of the "error" signal by the same functional
block, respectively the operational amplifier. The control board and the inverter board are
interconnected using the J2 or J5 connectors. The assembly of the two plates is shown in Fig.
5.1 (c).
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(b) 0

Fig. 5.1 The inverter (a), the output filter (b) and the inverter-control board assembly (c)
5.2. The PR Controller in s-domain

The performance evaluation of the PR controller implemented in the field is done by
performing measurements in the frequency domain using the Bode 100 analyzer and in the
time domain using the signal generator and the oscilloscope.

The resonance frequency measured using the Bode 100 type analyzer is
approximately 51.6 Hz, an acceptable deviation considering no effort has been made in
choosing components with tight tolerances. The capacitance measured by a RLC bridge is
488 nF, a 3.8% deviation from the nominal value of 470 nF. The gain at the resonance
frequency is about 50 dB and the quality factor is relatively low, as shown by the simulations
in Chapter 3.

In Fig. 5.2 the input and output signals of the PR controller are presented. The input
signal has an amplitude of about 2.5 mVpp and the output signal is about 0.83 Vpp. The gain
determined under these conditions is 50.4 dB, very close to the value measured by the Bode
100 analyzer.

The time response to the unit step signal is shown in Fig.5.3. There is a similarity with
the behavior of the simulations in Chapter 3.
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Fig. 5.2 The input and output voltages of the s-domain PR controller
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Fig. 5.3 The time response of the s-domain PR controller

5.3. The Control of Single-phase Inverter

The next set of tests is performed on the single-phase inverter using digital control and
various types of outputs connected to the output. Both the output current spectrum and the
response to the variation of some external parameters such as the inverter input voltage.

A 10 Q resistor with @ maximum power dissipation of 50 W is used as a load for the
single-phase inverter to evaluate the performance of the PR controller in the case of linear
loads. The supply voltage of the inverter is between 20V and 60V supplied by an adjustable
laboratory source. The switching frequency is fixed at 20 kHz, and the type of PWM
modulation used is symmetrical with a triangular carrier. Resonant terms are introduced
sequentially and the effects of these terms are observed on the output current spectrum. The
results are presented in Figures 5.4 and 5.5.
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Fig. 5.4 Inductor’s current spectrum; the control is of PR type with a single resonant term
(50 Hz)
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Fig. 5.5 Inductor’s current spectrum; the control is of PR type with two resonant terms (50
Hz and 150 Hz)

The nonlinear load consists of a single-phase full-wave rectifier followed by a
capacitor of 4700uF. The rectifier’s load is the same 10Q/50W resistor. For the first tests, the
PR controller is used with a single resonant term tuned on the fundamental frequency and
unitary proportional gain. The spectrum of the output current in this case is shown in Fig.5.6.

For the next set of tests, the additional resonant terms assigned to the frequencies
corresponding to the third, fifth and seventh harmonics are introduced sequentially. The
results obtained are presented in Fig.5.7. It is noted the selective elimination of dominant
harmonics by the high gain of the controller at the frequencies corresponding to these
harmonics.
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Fig. 5.6 Inductor’s current spectrum; the load is nonlinear and the control is PR-type with a
single resonant term (50 Hz)
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Fig. 5.7 Inductor’s current spectrum; the load is nonlinear and the controller is PR-type with

four resonant terms (50 Hz, 150 Hz, 250 Hz, 350 Hz)

The evaluation of the response to the unit step signal is in the first case by varying the
supply voltage of the inverter and monitoring the effect on the controlled parameter, i.e. the
output current. The load used in this case is linear (10€2/50W) and the PR controller contains
only one resonant term on the fundamental frequency. The response of the PR controller to
the sudden change in supply voltage from 30V to 60V is shown in Fig.5.8. There is a long

response time similar to that obtained from the simulations.
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Fig. 5.8 Time response of the controller at the variation of the input voltage

5.5. Conclusions

The PR controller provides excellent performance when used to control power converters
requiring variable reference signals. These performances are confirmed by the tests
performed on the hardware platform implemented for this purpose. The practical results

closely match the results obtained from the simulations.
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Among the advantages of PR control can be remembered:

e The PR controller operates in StRS. This is a fundamental advantage that greatly
reduces the complexity of the control system; there is no need for many coordinate
changes, especially for three-phase systems.

e High gain at resonant frequencies. In practice, stationary error for spectral
components that coincide with resonant frequencies is null (very low in case of real
implementation).

e Resonant terms are selective by ensuring excellent noise rejection. High performance
is achieved using a low proportional gain, thus reducing the sensitivity of the
controller to the noise input of the power converter.

e Selective elimination of harmonics, very important for AFPs, is very easy. Practically,
resonant terms are introduced on harmonic frequencies to be eliminated.

e The PR controller belongs to the family of linear controllers. Thus, for the analysis of
PR control systems, simple methods, such as the Bode and Nyquist diagrams, can be
used.

The simplified implementation method proposed in 3.3 makes it possible to carry out the
PR controller using low-cost, 16 bit fixed-rate DSPs. This opens the way for developing
advanced applications where the cost of implementing and analyzing the control system is
kept under control. The measured performances for this type of implementation are excellent;
the stationary error for controlling the output current of a single-phase linear load inverter is
approximately 0.6%

In case the final cost of the application has to be very low, as is the case with UPS for
commercial use, hybrid control can be implemented. The usefulness of this type of control,
relatively limited due to the tolerances of the passive components used in the implementation,
was confirmed by the practical tests.

6. Conclusions

6.1. Achieved Results

In Chapter 2 were presented the usual control methods for power converters with variable
reference signals: hysteretic control and Sliding Mode control, both belonging to the
nonlinear control family, the PI type controller in the synchronous reference system, the type
controller Vector PI, repetitive controller and PR resonant controller. For each method, the
advantages and disadvantages as well as the reference system in which the controller operates
are specified. The chapter concludes with a series of conclusions about the most important
control methods related to the resonant PR controller. This method is considered by the
author as the modern method of control for said power converters providing both excellent
performance and outstanding simplicity in terms of practical implementation and theoretical
analysis.

Chapter 3 discusses the implementation of PR resonance control in the two
fundamental domains, s respectively z. Five analog circuitry topologies that can be used to
implement the PR controller in the s domain are proposed. These circuits can be used to
simulate the converter using simulators that operate exclusively in the continuous time
domain as well as to implement hybrid resonance control for cost applications low. In terms
of z-domain implementation, the effects limiting the performance of this type of control have
been discussed, particularly when using fixed-point DSPs and relatively small computing
power. To make it easy to implement resonance control using low-cost processors, the author
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proposed using phase-sensitive amplifiers and "all-pass" phase-shifter filters. Thus, using this
technique, it is possible to implement the PR controller using 16-bit fixed-bit DSCs
specifically developed for controlling power converters. In this chapter both the simulation
and the analytical simulations were evaluated by the effects of the damping factor on the
performance of the control (the occurrence of a stationary error that can be determined
analytically and the modification of the system response to a "unit step” stimulus). The
effects of the process of quantization and noise on the performance of the PR controller
implemented in the z-domain were also evaluated.

In Chapter 4, the author evaluates the resonance control performance for the three
major categories of variable-frequency converters: inverters, FAP and FP correction circuits.
For each type of converter, parameters such as stationary error and current spectrum were
evaluated using various control methods. In this chapter, the author proposes hybrid control
for single-phase inverters. The hybrid control method involves running the resonance control
in the s domain, and the generation of the reference signal as well as the PWM is done by a
microcontroller in the z-domain. The primary objective of this method is to reduce the cost of
the controller so that simple systems such as residential ones benefit from the benefits of this
kind of control.

The practical results are presented in Chapter 5. The resonance control
implementation methods proposed in Chapters 3 and 4 are evaluated using a hardware
platform containing a single-phase inverter and a control and control board. The author
implemented PR resonance control using the phase-based amplifier based method using a
dsPIC33FJ16GS502 16-bit fixed-dot DSC. The measurements made confirm the feasibility of
the proposed method; the implemented PR controller contains up to four resonant terms
ensuring selective elimination of the third, fifth and seventh harmonics in the case of a non-
linear load consisting of a single-phase rectifier followed by a capacitive filter and a resistor.
Using the same control and control board, the operation and performance of the hybrid
control were evaluated. And this method proves to be feasible and contributes to significant
cost savings where this is important (in the case of micro-inverters found in UPSS).

6.2. Original Contributions

At the time of this thesis and following the author's knowledge, the following are original
contributions:

e |t is proposed to implement the resonant term that is part of the PR controller with two
non-ideal integrators. This can simulate the effects introduced by the finite gain of the
resonant term, which is encountered in a real implementation.

e A number of circuit topologies have been proposed and presented that can be used to
implement the PR controller in the s-domain. These circuits can be used to simulate
controllers controlled with PR controllers using simulators operating exclusively in
the s domain or for implementing the hybrid control [O.8].

e The effects of the response time of the resonant term on the performance of the
converter were analyzed. The effects of the final gain were also analyzed and the
stationary error value introduced by this final gain.

e It was proposed to implement the resonant term using the phase-sensitive amplifier
[0.7, 0.8]. This makes it possible to implement PR control using low-cost fixed-float
DSPs.

e It was proposed to use hybrid control for applications where the cost should be kept
under control so now are micro-inverters [O.8]. In this case, the PR controller is
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implemented in the s-domain while the reference signal generator as well as the PWM
modulator are implemented in the z-domain using an 8-bit microcontroller.

e It was proposed to introduce a resonant term into the control loop of a PFC circuit
[O0.1]. This can improve performance especially for high power applications where
the switching frequency is small, close to the reference signal frequency.
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Proportional-Resonant control”, ECAI 2014, October 23 — October 25, 2014.

[0.2] Oprea S., Hamzescu-Rosu M., Radoi C., “Implementation of Simple MPPT
Algorithms Using Low-Cost 8-Bit Microcontrollers”, ECAI 2014, October 23 — October 25,
2014.

[0.3] Florescu A., and Oprea S., "High Efficiency LLC resonant converter with digital
control”, Revue Roumaine des Sciences Techniques — Serie Electrotechnique et Energetique,
pp. 183-192, ISSN 0035-4066, 2013.

[0.4] Adriana Florescu, Sergiu Oprea, "PV charger system using a synchronus buck
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6.4 Further Development

The topic addressed will continue to be topical as the interest in developing applications
dedicated to the conversion of energy from alternative sources (solar panels, wind generators,
etc.) remains high. With regard to further development, the following directions can be
mentioned:
e Development of new methods for the implementation of resonant terms in the field of z
that simultaneously ensure two goals: high precision, simplicity of theoretical analysis
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and practical achievement. This makes it possible to significantly reduce the time
allocated to the controller calculations; so auxiliary tasks can be implemented by the
processor such as spectral analysis of the error signal in the case of AFPs.

e The study of the implementation of resonant terms in the field using techniques such as
the so-called "switched-capacitors filters”. This ensures the high accuracy of the resonant
frequency of the resonant term without the use of expensive and large components such
as precision capacitors.
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