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Switched-mode power converters are some of the most widely used power electronics circuits
due to their advantages of high conversion efficiency, flexible output voltage, light weight. A
variety of control methods have been developed for the switched-mode power converters. How-
ever, in many practical situation, additional constraints need to be considered, e.g., safety mea-
surement, current limiting or soft-starting, gross changes of operation point with guaranteed
system stability, which has not been fully addressed in the available research works. On the
other hand, the majority of the control design for power converters are based on the state-space
averaged approach which involves considerable approximation in analysis and synthesis. Hence,
advanced control techniques are in demand, which should be more constraints friendly and based

on more precise models.

In this thesis, much attention has been spent on designing controllers for both DC-DC
converters and DC-AC inverters based on hybrid modelling and Lyapunov stability theory. Due
to the existence of the power switches, switched-mode power converters are hybrid systems with
both continuous dynamics and discrete transition events. Instead of linearizing the converter
model around a specific operating point, hybrid modelling captures both dynamics, which results

in more accurate models.

Firstly, a novel sampled-data control approach is proposed for DC-DC converters. DC-DC
converters are modeled as sampled-data switched affine systems according to the status of the
power switch. In order to avoid the delay of the switching signal, an on-line prediction method is
adopted to estimate the system state at the next switching instant. Based on the switched affine
model and the predicted system state, a novel switching control algorithm is synthesized by
using the switched Lyapunov theory. The proposed approach is able to not only drive the output
to a prescribed set point from any initial condition, but also track a varying reference signal, and
the switching frequency can be adjusted online with guaranteed stability. In addition, with this
approach, Continuous Conduction Mode (CCM) and Discontinuous Conduction Mode (DCM)
operations can be treated in a unified way. Experimental verification has been carried out to test

the effectiveness and merits of the proposed method.
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Furthermore, to compensate the information loss due to limited access to the state, a mul-
tiple sampling scheme is employed to derive a discrete-time switched affine model with an aug-
mented measurement output for DC-DC converters. Based on the model, an output-feedback
switching control law, which drives the system state to a set of attainable switched equilibria, is
synthesized by using a quadratic state-space partition. The multiple sampling scheme not only
facilitates the controller synthesis, but also improves the energy efficiency of the converter by

allowing a lower switching frequency.

In addition, hybrid modelling techniques have been extended to more complicated cases —
DC-AC inverters as the increasing number of power switches and the time-variant nature of the
references. A current controller based on the hybrid model of the three-phase two-level inverter
has been developed, which can drive the inverter currents tracking the desired power references
in realtime and keep a unity power factor at the same time. This method has been extended
to three-phase NPC inverters later on. However, in order to solve the neutral point balancing
issue, a capacitor voltages prediction algorithm, modified from model predictive control, has
been adopted. It should also be mentioned that a novel hybrid model for a grid-connected
single-phase NPC inverter also has been presented, which models not only the dynamic of the
inverter but also the dynamic of the current reference. An experimental test platform including
a three-phase NPC inverter and a FPGA control board has been designed to demonstrate the

implementation of the proposed control scheme in practice.
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Chapter 1

Introduction

1.1 Motivation

Since they were first developed through the introduction of power diode by Robert N. Hall
in 1952, power semiconductor components have considerably ameliorated both in performance
and price. Various power semiconductor components with good specifications for switching fre-
quency and on-resistance, e.g., MOSFETs or IGBTs (Insulated Gate Bipolar Transistors) have
become common. As a consequence, power converters, whose main functions are achieved by
the switching property of power semiconductor components, have developed rapidly in recent
years. A power converter is an electrical or electro-mechanical device for converting electric
energy either converting between different forms like DC-AC/AC-DC or regulating voltage/fre-
quency. Rectifiers are probably the most familiar example of power converters, and DC-DC

converters and DC-AC/AC-DC inverters are also common applications [5][6] [7] [8].

Power converters exist almost in every kind of electronic device from industrial to resi-
dential applications. For DC-DC converters, one of the main applications is in power supplies,
which contain DC-DC converters as their key parts. As the cost of electronic components de-
clines dramatically, the power supply becomes a large fraction of system cost. Roughly speaking
the power supply cost has almost reached 50% of a typical electronic product such as personal
computers or hybrid electric vehicles. On the other hand, the specification requirements of
power supplies are diversified as the development of electronic engineering. For example, a per-
sonal computer requires at least three different 5V supplies, two +12V supplies, a —12V supply
and a 24V supply excluding supplies for peripheral devices. Therefore, development of high

performance, low cost DC-DC converters is urgent.

Since a great number of household and industrial utilities needs AC supply, the DC-AC
inverters could be found in a variety of applications. In order to adjusting the speed of AC
motors, the DC-AC inverters are the essential part of AC motor drives [9][10]. For some sit-

uation, when only DC power sources, such as batteries or fuel cells, are available, the DC-AC

1



2 Chapter 1 Introduction

inverters could be used to drive the AC equipment [11][12]. Another important application of
DC-AC inverters is the uninterruptible power supplies, which is widely used to protect vulner-
able electrical equipment, such as data logging device, telecommunication equipment from an

unexpected power disruption [13][14].

Due to the day-by-day increasing energy demand and the environmental problems caused
by fossil fuel, alternative renewable and green distributed energy resources, such as solar power,
wind energy, hydropower have drawn increasing attention to reduce the reliance on fossil fuel
and cut emission [15][16]. As shown in Figure 1.1, the capacity of the utility-scale solar power
has an exponential growth in the U.S during the last decade. In the meantime, the average price
of the solar PV falls dramatically. A DC voltage is usually supplied by the distributed energy
resources, such as photovoltaic (PV), fuel cells, and wind power. Hence, DC-AC inverters are
used to interface these sources to the grid supplying high quality AC current in accordance with
national standard [17][18][19][20].

As Industry Scales, Prices Fall
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Figure 1.1: Solar PV installations and average solar PV price in US [Source:Solar
Energy Industries Association]

As for the design of power converters, one of the most important parts is the control sys-
tem. The main challenge in controlling a power converter arises from their hybrid nature which
is caused by the use of semiconductor components as power switches. From the control point
of view, the power converters are nonlinear system which contains both continues and discrete
dynamics. The conventional control approach to the modelling and controller design of power
converters is the state-space averaged approach and the design of linear controllers. The disad-

vantages of the conventional methods are obvious.

1. The model is linearized around a specific operating point.

2. The tuning procedure of the controller is complicated, and the design is further compli-

cated when the operating point is changed.
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3. Practical experience is essential for the controller tuning.

On the other hand, the development of advanced hybrid system control theory together
with more powerful control platform such as DSP, FPGA gives us the possibility of tackling
the control problem from a new perspective. In view of this, more systematics modelling and

control methods can be developed. In my research, the main goals are as follows.

1. Power converters are modeled as switched affine models, a specific type of hybrid sys-
tems, which describe the system dynamic across the whole operating range and deter-

mines the active continues dynamic by a switching law.

2. The Lypunov stability theory and robust control are main methodologies to derive the

controller synthesis conditions.

3. There is no complicated tuning involved. A unified systematics design procedure will be

given, which can be easily applied on different power converters with different topologies.

4. The practical limitation of power converters, such as switching frequency, ripple reduc-
tion, neutral point balanced, can be included easily by adding constrained conditions to

the synthesis conditions.

5. Most importantly, all the design is done off-line which can highly release the computation

burden.

6. Experimental verification of the proposed control schemes will be carried out to demon-
strate that these methods can be easily implemented in practice, which are not just meth-

ods on the papers.

Therefore, the main scope of this PhD project is to illustrate that advanced hybrid control
methodologies can be applied on power converters conceivably and within reach. Two major

types of power converters are considered in this thesis: DC-DC converters and DC-AC inverters.

1.2 Structure of the Thesis

This thesis generally includes three parts. First part is Chapter 1 and Chapter 2, which gives
the motivation of this PhD project and reviews the modelling and control techniques for both
DC-DC converters and DC-AC inverters.

The second part consists of Chapter 3, Chapter 4 and Chapter 5, which focuses on DC-DC
converters. In Chapter 3, two conventional modelling and control techniques are reviewed in
details, which are: linear controller design based on the state-space averaged model and model

predictive control based on a hybrid model to act as benchmarks for the following chapters. In
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Chapter 4, a novel sampled-data control approach is proposed, which not only guarantees the
stability across all attainable operating points, but also has the ability to adjust the switching
frequency. Experiments based on dSPACE control platform also have been carried out to ver-
ify the effectiveness of the proposed methods. In Chapter 5, a novel output feedback control
approach is proposed . To compensate the information loss due to limited access to the state,
a multiple sampling scheme is employed to derive a discrete-time switched affine model with
an augmented measurement output. Based on the model, an output-feedback switching control
law, which drives the system state to a set of attainable switched equilibria, is synthesized by
using a quadratic state-space partition. The multiple sampling scheme not only facilitates the
controller synthesis, but also improves the energy efficiency of the converter by allowing a lower

switching frequency.

The third part of the thesis, which includes Chapter 6, Chapter 7, Chapter 8, and Chapter
9, deals with the hybrid modelling and control problems in DC-AC inverters. In Chapter 6, a
grid-connected three-phase two-level inverter is studied. Hybrid models of the inverter are pre-
sented and a switching controller, which can stabilize the phase currents to the desired current
references, is presented. In Chapter 7, a novel switching controller, which includes the current
reference dynamics in the hybrid model, is proposed for a grid-connected single-phase Neu-
tral Pointed Clamped (NPC) inverter. In Chapter 8, the control method developed in Chapter 6
is extended to a three-phase NPC inverter in conjunction with an additional capacitor voltage
balancing controller. In Chapter 9, experimental work is presented to demonstrate how to im-
plement the proposed switching control technique on a three-phase NPC inverter with RL load
based on the DE-115 Field-Programmable Gate Array (FPGA) control board.

In the last Chapter 10, the proposed modelling and control schemes are compared with each
others and also compared with the state-of-the-art modelling and control methods. In general,
this PhD project gives a new perspective of modelling and control of switched-mode power con-
verters. It demonstrates the advantages of the proposed methods over the traditional methods
in several aspects. Firstly, the hybrid model captures both continuous and discrete dynamics
which is more precise than the state-space averaged approach. Secondly, the proposed control
approaches not only can guarantee the system stability within a much wider operation range,
but also can be more constraints friendly. Last but not the least, the experiment verification
carried out on both DC-DC converters and DC-AC inverters has proven that the proposed con-
trol scheme can be conveniently implemented on digital platforms with relatively low online

computation burden.
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Literature Review

2.1 Control Methods for DC-DC Converters

There are numerous types of power converters. Among these, DC-DC converters, which convert
a source of direct current (DC) from one voltage level to another, are one of the simplest power
electronics devices. This type of converters have found widespread applications in practice, e.g.,
cellular phones, laptops, communication equipments, motor drives. A great number of control
techniques based on different models have been employed for the control of DC-DC converters
in industry including voltage-mode and current-mode control techniques [21]. Thus it is of
interest to compare the dynamic response of these control approaches as well as their strength

and weakness.

2.1.1 DC-DC Converters Control in The Past

A DC-DC converter consists a switching topology and the associated control circuit. The switch-
ing topology is a periodic time-varying circuit due to the discrete input and continuous output,
and the control circuit is a hybrid circuit containing both nonlinear and linear stages. In order
to use the classical control theory, approximations must be made to move from the time-varying
nonlinear system to a time-invariant linear one. Thus the state-space averaged approach (SSA), a
way to model DC-DC converter as a linear canonical circuit, was proposed [22, 23] and became
one of the essential techniques for analyzing switched mode power conversion circuits. Based
on the state-space averaged approach for the modeling of DC-DC converters, various control

techniques have been adopted to investigate the dynamic responses of a DC-DC converter.

Generally, control techniques of DC-DC converters can be divided into voltage mode con-
trol and current mode control by the feedback signals. Both methods were initially implemented
as analog approaches. For simplicity of explanation, in the following part, the different control

methods are introduced based a typical buck converter.

5



6 Chapter 2 Literature Review

Voltage mode control as shown in Figure 2.1 is a single loop control approach in which the
output voltage is measured and compared to a reference voltage to generate an error signal. The
duty ratio is regulated by comparing the error signal to a fixed frequency sawtooth waveform
[24, 25]. Voltage mode control is still used in some industry applications because of following
advantages: 1) Simple topology, single feedback loop, which is easy to design and low cost; 2)
Less sensitive to noise; 3) Can work over a wide range of duty cycles. However, the drawbacks
of voltage mode control are also obvious: 1) Loop gain proportional to input voltage leading
to more complicated compensation; 2) The additional poles added by output filter may require
Type III compensation (a three poles and two zeros compensation network); 3) Slow response

to input voltage changes; 4) Current limiting must be done separately.

A
d(t)

Vin (t) A 5 — R § s+—

Ve -
_Vc| Compensator -+
— A/ .
Vref

Figure 2.1: Block diagram of a basic voltage mode controller

A\

Due to the disadvantages of voltage mode control, current mode control [24, 25, 26] is
used to alleviate all the weak points above. More specifically, the inductor current is measured
and employed to control the duty ratio as shown in Figure 2.2. An error signal is produced in
the same way as voltage mode control by comparing output voltage to the reference voltage,
and acts as a reference signal for the current control loop after a compensator. Then inductor
current is compared with the reference current signal to modulate the duty ratio. In 1978, the
implementation of current mode control of DC-DC buck converters was first proposed with the
so-called name “peak current control” [27], which means that during each cycle switch closure
is ended when the sensed inductor current hits an adaptable threshold (Figure 2.3). After this, a
series of related works on the peak current control was published [28, 29, 30, 31, 32]. However,
when the duty ratio exceeds 50%, instability occurs resulting in period-doubling, sub-harmonic
oscillations or chaotic behavior. In order to avoid this serious issue, slope compensation [24]

was introduced

the sum of inductor current and an external ramp is compared with the

reference current signal as shown in Figure 2.4.
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Figure 2.2: Block diagram of a basic current mode controller

Current mode control has several advantages over the classical voltage mode control: 1)
The waveform of the inductor current responds promptly to the line voltage changes thus reduc-
ing the delayed response and gain variation with changes in the input voltage; 2) The output filter
now offers only a single pole, hence compensation is simpler and higher gain bandwidth is ob-
tained; 3) Cycle-by-cycle current limiting protection; 4) Ease of current sharing when converters
operate in parallel. Although improvement has been made over the voltage mode control, the
current mode control also comes with its unique set of challenges: 1) The two feedback loops
brings more difficulty to the circuit analysis; 2) Oscillations appears when the duty cycle ex-
ceeds 50%; 3) Resonances from the power stage can insert noise into the control loop through

the output current.

Initially, the implementation of both voltage mode and current mode control techniques
for DC-DC converters was accomplished by analog circuits composed of passive components
and amplifiers. Before the wide use of digital devices, using analog circuits was an essential
approach to control power converters due to their simple structure and low cost. However, the
disadvantages of analog circuit and components, such as bad flexibility, low reliability, and
parameter deviation caused by the external influence (thermal, humidity, lifetime, etc), could
not be neglected. In addition, linearized models of power converters are utilized in analog

implementation which overlook the nonlinear properties.
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Gate drive

Figure 2.3: The waveforms of the signal in a current controller in peak current mode
control

2.1.2 DC-DC Converters Control Today

In recent decades, the use of microprocessors for the control of power electronics systems has
become a common solution for full digital implementation of controllers. Several control tech-
niques developed for analog control circuits have been replicated in a digital way. Moreover,
modern control platforms with high computational capabilities such as digital signal processors
(DSP), field-programmable gate array (FPGA) allow the possibility of implementation of more

advanced control algorithms [33].

Based on the idea of the peak current control method, various digital techniques for DC-DC
converters have been presented in recent years including Valley Current Control [34], Average
Current Control [35], Delayed Valley Current Control [36], Delayed Peak Current Control [36],
Delayed Average Current Control, Prediction Current-Mode Control With Delay Compensation,
Compensated Digital Current-Mode Control [37, 38, 39, 40].

Figure 2.5 depicts the general structure of a digital current-mode controller implemented
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Figure 2.4: Block diagram of a peak current controller with the slope compensation
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Figure 2.5: Block diagram of the general structure of a digital current-mode controller

by a microprocessor. The microprocessor attempts to find the right value of the duty cycle to
satisfy the control objective using the sampled data of input and output voltages and the inductor
current. All of these approaches make an attempt to let the valley, average, or peak value of the
inductor current to follow the current reference signal named i,.r, which is obtained from the

voltage controller.
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Figure 2.6: Current waveform of the inductor and reference signal in a digital current-
mode controller

To compare the different digital control methods, a typical buck converter is considered.
The inductor current waveform of a buck converter under continuous conduction mode is dis-
played in Figure 2.6. In order to make the following description about different techniques easy
to access, notations are introduced first. 7 is the switching period of the DC-DC buck converter.
d[n] is the duty ratio during the n'" switching period. ir [n] is the sampled inductor current at time
nTy, which is the end of the n'" switching period, and i r[n] is the sampled current reference at
time nT;. V,[n] and V,[n] are the sampled input and output voltage, respectively. The input and
output voltage are treated as constants during each switching period as they both vary slowly.
Thus, we can write:
Voli) = Voln— 1] o
Vialn] ~ Vialn — 1]
Valley current control is analog in nature [34]. However a digital controller can be obtained
by changing the differential equations describing the dynamic of the power converter to differ-
ence equations. With this approach, the required value for the duty cycle is calculated in the

ongoing period to make sure that
ir[n] = iref[n—1] 2.2)
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To achieve the objective, the duty cycle of the n,;, switching period can be calculated by
(2.3) which is given in [34]:
L Vo

d[n] = Vol (frepln—1] —ir[n—1]) + Vi (2.3)

In other words, the inductor current i;, the reference current i,y and the voltages are sam-
pled at the beginning of each switching period. Then the duty ratio d[n] is obtained by (2.3) and
applied so that the final value of inductor current at the beginning of each switching cycle will
be equal to the reference current at the beginning of the switching cycle. One thing that must be

mentioned is that microprocessor must be fast enough to compute and apply the duty cycle.

In [36], the method called delayed valley current control is presented. In this approach, the

duty ratio is calculated in the previous period to guarantee that

ir[n] = iref[n —2] 2.4)

To fulfill the above control objective, the equation used to calculate the duty cycle has been

given in (2.5).
L . . 2V,
dln] = - lrrln =2 =gl —2)) —dln— 1]+

(2.5)

This way, the inductor current and reference are sampled at the beginning of the previous
switching period ((n— 1)th period) and used to calculated the duty ratio applied in next switching
period (nth period) to make the inductor current in the nth switching period following the current
reference sampled at the beginning of the previous switching period. The advantage of this
method is that the digital controller will have more time for the related computation at the cost

of the introduction of an extra period of delay.

Average current control was first introduced in [35]. The control objective is that the aver-
age value of the inductor current in each switching period is equivalent to the current reference
signal sampled at the start of the same cycle.

1 nTy

— jrdt = iperln—1 2.6
T, Jy, e = drerln = 1] (20)

According to [35], the duty ratio can be calculated as:

TS“/() . Vin - Vo

d

Vo
(iref[n_ 1] —iL[n_l] - )+7 (27)

L
VinTs

The implementation procedure of this method is the same as the valley current control:
inductor current, current reference and voltages are sampled at the beginning of each cycle and

the duty ratio is calculated and applied using (2.7). It is proved in [35] that the control scheme
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is stable for any value of the duty cycle without slope compensation.

A similar control method called “delay peak current control” is also proposed in [36].
Different from delay valley current control, the control scheme of this approach is to force the
peak value of the inductor current during the coming period to be equivalent to the current

reference sampled at the start of previous switching period.
ipeak [I’l] = iref [I’L - 2] (2.8)
Where ipeq[n] is the peak value of the inductor current in nth switching period.

From [36], the required duty ratio of the nth period can be described as

L Vi

T gz Ul =2 =il =20~ v,

Vin - Vo
(2.9)

din—1]— Yo

d[n] =
Vin_vo Vm _Vo

din—2]+

For this method, the control objective has less than two period of time delay and when the
duty cycle exceeds 50%, instability will occur. In addition, if the load change during the two

period, as the sudden change of the current, the calculation of the duty ratio is invalid.

Prediction current mode control with delay compensation is introduced in [37, 39, 40, 38].
The control scheme is the same as the delay valley current control (2.4), however the duty ratio
is updated every two switching periods. This would allocate more time for the microprocessor.

The current reference is presumed to be constant during two switching period cycles.

Iref[n] = iref[n —2] (2.10)

The current at the end of nth switching period is assumed to be calculated as

iLln) = 2i [n—1]—i[n—2] (2.11)

According to [39], every other period the duty ratio can be calculated as (2.12) using the

assumptions above.

dhk:m;n@ﬁM—ﬂ—4&@—%+3Qh—3b+dh—ﬂ 2.12)

Therefore, the inductor current, reference and voltages sampled in the former three cycles
are used to calculated the duty ratio. The computational overhead of digital control is decreased
compared with the previous techniques. This method is suitable for fast systems such as high-

performance DC switchmode power supplies.

For the sake of avoiding instability that may exist in valley current control, compensated
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digital current-mode control is presented in [41, 42]. Slightly different from (2.2) slightly, the
control scheme can be defined as

i[n] = iref[n— 1] +med[n]T; (2.13)
Where, m, is a compensating ramp.

According to [42], the equation to calculate the duty ratio can be modified as

yg el =1 =izl = 1)+ 32) (2.14)

As for this method, the inductor current, reference and voltages are sampled at the begin-

ning of every switching period and proper m, is applied to calculate the duty ratio. According

Vi}l

to [42], for buck converters, if m, > -

, the system is always stable.

To summarize, all of the control techniques described above are based on the state-space av-
eraged approach and corresponding linearized approximate models. Most effort of these meth-
ods have been spent on finding a reasonable approach to calculate the duty ratio. However, the
performance of these linear controllers would deteriorate under large parameter or load varia-
tions. Therefore, this has aroused a lot of interest in the development of nonlinear controllers
for DC-DC converters. Some control schemes such as hysteresis control, sliding mode control
are proposed in literature. By substituting the linear controllers with these nonlinear controllers

in DC-DC converters, better regulation is achieved for a wider operating range.

Hysteresis controllers were first implemented in boost converters [43]. Since this control
scheme has an inherently fast response in addition to being robust with simple design and im-
plementation, a lot of related work can be found [44, 45, 46, 47]. Figure 2.7 is the diagram
of a DC-DC converter with a simple voltage hysteresis controller [48]. Figure 2.8 shows the
waveform of the output voltage (with hysteresis band used in the hysteresis controller) and the
gate signal. The implementation of the hysteresis controller is simple. The switching states of
the power stage is determined by comparison of the output voltage to its reference, considering
a given hysteresis width for the error. DC-DC converters with hysteresis controllers responds to
disturbances and load change right after the transient takes place [49]. Moreover, a compensa-
tion network is not needed for closed loop control. Due to all the advantages above, hysteresis
control would be a good choice for DC-DC converters. However, the main concern associated
with this method is that the switching frequency changes when the input voltage changes. This
is not acceptable in many applications especially when converters are operated in parallel. Some
work have been reported to deal with this problems in [50, 51, 52].

Sliding mode control (SM) is another nonlinear control strategy developed for controlling
variable structure systems (VSSs) with good performance such as guaranteed stability and ro-

bustness against parameter, line, or load uncertainties [53, 54, 55]. The principle of SM control
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Figure 2.7: Block diagram of DC-DC converters with a hysteresis controller
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Figure 2.8: Waveform of the output voltage and the gate signal used in a hysteresis
controller

is straightforward. A sliding surface is adopted as a reference path so that the controlled state
variable can be directed towards the desired equilibrium as shown in Figure 2.9. DC-DC con-
verters are inherently variable structure systems due to the switching property. Therefore, sliding
control design and analysis for DC-DC converters has drawn lots of research interests. Bilalovi¢
et al. is the first group that worked on developing SM controller for DC-DC converters. In [56],
a preliminary sliding mode controller was applied to a buck converter. Then SM control was
applied to higher order converters such as second-order DC-DC converters by Venkataramanan
et al. [57] and fourth-order Cuk converter by Huang et al. [58]. In 1997, a comparative study

on buck converter’s performance under different control scheme was presented by Raviraj and
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Figure 2.9: Sliding surface and state trajectory in the state-space

Sen [59]. It was found that fuzzy-logic and SM controller show certain similarities in the sys-
tem behavior. SM controllers were also developed for parallel connected converters [60, 61].
However, in spite of being a popular research topic, most of the literature focus on theoretical
aspects. Seldom SM control has been adopted in practical DC-DC converters. The main rea-
son is the high and variable switching frequency, which would result in excessive power losses,

electromagnetic-interference generation and filter-design complication.

2.1.3 Current Issues

Although these conventional control approaches may be adequate in some cases, the controller
performance is quite limited, and the design involves a number of heuristic procedures, which
lack theoretical guarantees. This motivates the study of advanced control technology for DC-
DC power electronics converters, and a large number of control methods have been developed
or tailored to control problems of DC-DC converters, e.g., sliding mode control [62, 63, 64, 65],
fuzzy logic control [66], adaptive control [67], robust control [68] model predictive control
[69, 38], artificial neural network control [70], Lyapunov-based control [71, 72, 73], to just

mention a few.

Despite the effectiveness of these approaches, there are still a number of challenges that
need to be tackled. In some applications, the output voltage of DC-DC power converters are
required to track a changing reference signal or adjust manually, e.g., the power system of
microprocessors [74, 75] or the power supply of a variable envelope radio frequency power am-
plifier [76, 77]. Many small-signal control approaches may not perform well for this scenario
and even become unstable [78], since the controller is usually designed based on a model lin-

earized or discretized at an operating point of interest. For large-signal control design, quantized
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characterizations on stability, robustness, and performance are usually unavailable, and their sta-
bility, robustness, and performance need to be evaluated through experiment. In addition, digital
implementation of most nonlinear controllers remains a problem as either the control design is

based on continuous models or the online computation demand is too high.

Another issue in the design of DC-DC power electronics converters is the tradeoff between
performance and efficiency. Fast dynamic response and low output ripple can be achieved by
adopting a high switching frequency. However, over-rapid switching will impair energy effi-
ciency and pose a challenge to thermal management [79]. It may be attractive if the switching
frequency can be adjusted during the operation. For instance, in battery-operated systems, vari-
able frequency operation is shown to give better energy efficiency and provide wider range of
usable power [80]. Although there are some preliminary results along this direction [81], the

problem has not been fully investigated.

2.2 Control Methods for DC-AC Inverters

DC-AC inverters are power conversion devices which can transfer power from direct current
(DC) to alternating current (AC). The applications of DC-AC inverter can be found in a variety
of sectors, such as industrial [82], transportation [83], power systems[13], renewable energies
[84], etc. The development of the DC-AC inverter and its control has been mainly driven by
industry application and the technology innovation, such as power semiconductors, digital signal
processor and new inverter topologies. In the past, the control efforts have mainly been placed
on stabilization and robustness of the inverters. However, nowadays as DC-AC inverters have
been used in more complicated application, more flexible inverter control systems is required.
Generally speaking, the most popular control methods of DC-AC inverters can be classified as

four types:

Linear control based on time-average model and PWM modulation

Hysteresis control

Sliding mode control

Model predictive control

In the rest of this section, literature related to these four control types is introduced briefly.

2.2.1 Linear Control

Same as DC-DC converters, the most commonly used control methods on DC-AC inverters

are linear controllers, such as proportional-integral(PI) controllers, in conjunction with PWM
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modulation [85][86]. Due to the number of power switches, modulation techniques are adopted,
such as, carrier-based sinusoidal PWM [87], and space vector PWM [88].

As DC-AC inverters are widely used in motor drives, a well-known control scheme based
on linear control theory is field-oriented control (FOC) [89][90]. Figure 2.10 shows a FOC
control diagram of AC motor drive control with a 3-phase bridge inverter [1]. Two PI controllers
are used to produce the voltage references for the space vector modulation (SVM). Additional
coordinate transformations are required in this control scheme. For motor drive application,
the control design are subject to several technical contraints, such as total harmonic distortion
(THD), maximum current, etc. Hence, the design of PI controllers can be very challenging task

as these constraints cannot be included in the control design directly.
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Figure 2.10: Field-oriented control diagram [1]

2.2.2 Hysteresis Control

Nonlinear control techniques were also developed for DC-AC inverters. However, most of
them seldom can be seen in practical applications. Hysteresis controller is a exception. Di-
rect torque control (DTC), which is based on hysteresis control, has been used extensively in
ABB’s variable-speed drives since 1996. The accuracy of motor speed and torque control has
been greatly improved [91]. As shown in Figure 2.11, compared to Field-Oriented Control, it
does not require any coordinate transformation. The switching states of the inverter are gener-
ated by comparing the motor torque and flux to their references with a given hysteresis band.
However, in order to implement this kind of method on a digital platform, a high sampling fre-
quency is required. Furthermore, the selection of the hysteresis band can be very tricky in some
applications in order to avoid resonance problems [92].
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Figure 2.11: Direct torque control diagram [2]

2.2.3 Sliding Mode Control

Sliding mode control is another nonlinear control technique, which has attracted a great deal of

research interests in the field of AC motor drive control [93][94][95]. Figure 2.12 demonstrate

a current regulator based on sliding mode control. A sliding surface is designed for the error

between the current and its reference. The sliding mode controller can generate the switching

control signals for the power switches directly without modulation circuits. The main advantage

of the sliding mode controller is the robustness behaviour against disturbances and uncertainties.

However, the switching action of the controller can excite some unmodelled dynamics, which

results in chattering problems. Additional efforts are needed to solve this issue [96].
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Figure 2.12: Sliding mode control diagram [3]
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2.2.4 Model Predictive Control

Instead of considering the inverter as a linear system, another interesting alternative is predictive
control[97][98][99]. The future behaviour of the system state is predicted based on the model of
the system. The optimal actuation of the controller is obtained by using of the future information
and obeying the predefined constraints. The predictive control method can be generally divided
into four types: deadbeat control [100], hysteresis based [101], trajectory based [102] and model
predictive control [103]. But in order to predict the behavior of the system in real time, a
powerful microprocessor is necessary to handle the computational burden, and the accuracy of

the predictions are highly sensitive to the variation of system parameters.

S(t) _| @

Cost function
minimization

e — fori=1,...,n

|
|
|
|
|
i
: | Measurements
! i —
: 3 Converter
|
Tpil b)) 1 (t)
—— Predictive model p&—
" |
|
I

Figure 2.13: Model predictive control diagram [4]

2.3 Hybrid Modelling and Control

Due to the existence of switch circuits, the dynamical behavior of power converters contains both
continuous and discrete dynamics. Furthermore, it should be emphasized that the continuous and
discrete dynamics coexist and interact with each other. Extensive research literature have been
proposed for improving the control synthesis, but most of the proposed control techniques are

based on averaged models of the power converters.

Thus, the performance of power converters may be improved if advanced modelling theory
can be applied to describe this kind of hybrid features and meanwhile corresponding control
synthesis techniques can be developed. Hybrid modelling is one of most suitable modelling
methods to capture both continues and discrete dynamics of power converters. There have been
significant research activities in the area of hybrid modelling and control in the past decades
involving researchers from several areas such as control engineering, mathematics and computer
science [104, 105, 106, 107].

Several mathematical paradigms have been employed for modelling hybrid systems. Gen-

erally, two basic kind of models can be obtained.
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1. Hybrid automaton, which is a finite-state machine, can be described by a triple (X, Q,E).

X C R" is the finite continuous state-space, Q = qi,. .., ¢ is a finite set called the alpha-
bet; the elements in Q are called symbols, which denote the discrete states of hybrid
system. F is the subset of X x QO x X called transition strategy and its elements are called
events. A sequence (qo,q1,---,qm—1) With (g;,qi+1) € E fori=1,2,... mis called a path
or trajectory. Then the finite state-space can be separated as several subsets I, C X by the
discrete states. This method was first used by Lucio in [108]. Nerode and Kohn [109]
combined ordinary differential equations (ODESs) and finite automata to obtain a hybrid
model. Brockett [110] took interacting ODEs and discrete phenomena to describe mo-
tion systems. On the other hand, different control techniques have been adopted based
on this model. A semi-decision procedure was presented [111] for control a linear hybrid
automata. Game theoretic methodologies were shown in [112] in a unified framawork
for synthesizing controllers for nonlinear hybrid automata. Another common approach
applied on hybrid system is model predictive control. As for the model predictive control,
the system model is applied to predict the future behavior of the state variables over a
finite time interval. Based on a so-called “cost function”, available prediction actions are
evaluated to produce a control sequence that minimizes the cost function. Only the first
control policy is implemented, and then the same prediction procedure repeats every sam-
pling period. Due to the high amount of calculations for the online implementation, model
predictive control has few applications in power converter control [113, 114, 115, 116, 5].
In [113], one solution to overcome this shortcoming is to solve the optimization problem
off-line. A search tree is employed to reduce the computational time. In [114], the opti-
mization problem is solved analytically based on Generalised Predictive Control (GPC).

However, system constraints and nonlinearities could not be considered via GPC.

. Switched system is a combination of continuous-time subsystems and a switching law

that determine which subsystem is active. It can be depicted as:
() = fo(x(1),u(?)) (2.15)

where x € R" and the index function 6 : R" — E = {1,2...m}. At every time instant only
one subsystem is active governed by the index function. The index function might be
time-dependent, state-dependent or event-dependent. During the past decades, increasing
research efforts have been placed on analysis and synthesis of the switched system [117]
[118][119]. Ye et al. [120] developed a model suitable for the qualitative analysis of wide
range switched systems. Sufficient conditions for uniform stability, uniform asymptotic
stability, exponential stability, and instability of an invariant set of such systems were

also established. In [121], Branicky, Borkar and Mitter propose a general framework
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that systematizes the notion of a switched system. Multiple Lyapunov functions are uti-

lized for stability analysis of switched systems. Johansson and Rantzer [122] presented a

computational approach to stability analysis of nonlinear and hybrid systems. A convex

optimization problem in terms of linear matrix inequalities (LMlIs) is formulated to ob-

tain the stability condition. A methodology for analyzing controllability and synthesizing

control laws for a class of hybrid systems was defined in [123] which could be used to

generate correct switching action to transfer the hybrid plant between predefined subsets

of the hybrid state-space.

Research papers on the modelling, analysis and synthesis of hybrid systems are relatively rich,

which provide sufficient theoretical foundation for the application in the area of power electron-

ics. However, this is not a straightforward task. most of the attention has been placed on the

theoretical research. It is still rarely applied in practical situation. The hybrid modelling theory

applied to power electronics devices design is also a relative new area. The related research

work in this field is also limited. There are various reasons for this.

1. There is a lack of understanding of how to use hybrid modelling theory in power convert-

ers design.

2. The more accurate dynamical behavior taken into consideration always means more com-

plicated control techniques. The computation ability of conventional microprocessor lim-

its the application of advanced control techniques.

3. The practical worthiness of using hybrid modelling is generally unproven.

2.4 Summary

Linear controller

Hybrid modelling and control

Model Linear model
with approximation

Hybrid model
without approximation

Controller design Compensator parameter tuning
(root locus or pole placement)

Cost function definition

Modulation PWM No modulation
Implementation Analogical or digital Direct digital implementation
Switching frequency Fixed Controllable
(variable or fixed)
Flexibility Constraints inclusion Constraints include

is not straight forward

directly in the switching law design

Table 2.1: Comparison between classical linear controller and hybrid control

A summary of most distinctive characteristics of both conventional linear control and hy-

brid control is given in Table 2.1. Due to the advantages of hybrid modelling and control, it is of

great interest to investigate new control scheme to obtain higher performance power converters.
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Chapter 3

Review of Conventional Control Design
for DC-DC Converters

3.1 Linear Controller Design Based on the SSA Approach

The DC-DC power stage performs the basic power conversion from the input voltage to the
output voltage and includes switches. The control circuit is designed to derive the switching
power semiconductors (switches). Among all kind of topologies, the DC-DC buck converter is
a specific type of DC-DC converter used in many industry and home application, such as power
management in personal computer, and regulation circuit in power supply. In this section, the
analysis and design of linear control structures is done for the buck converter based on the state-

space averaged approach (SSA).

3.1.1 Introduction of the DC-DC Buck Converter and Steady State Analysis

The buck converter, also called “step-down converter”, is designed to convert DC voltage to a
lower level with minimal ripple. Figure 3.1 shows a basic schematic of the buck power stage.
It consists of a power semiconductor Sy which can be a MOSFET or an IGBT, a freewheeling
diode D, an inductor L, a capacitor C and a load resistance R. During one operation period, Sy
switchs on and off governed by the control circuit, The switching action results in a series of
pulses at the junction node of Sy, D and L. Then the power from the input sources is filtered by

the L/C output filter to generate a lower DC output voltage vo.

Classified by the continuity of the inductor current flow, the buck power stage can be op-
erated in two modes: continuous conduction mode (CCM) and discontinuous conduction mode
(DCM). It is assumed that all the components are ideal. Details of the two different modes are

discussed below.

25
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Control

‘i.llg (i) Circuit I = —_ E;

OA

Figure 3.1: A buck converter topology

3.1.1.1 Continuous Conduction Mode

in continuous conduction mode, the buck converter has two states per switching period. a simple
linear circuit can represent each of the two states where the switches in the circuit are replaced by
ideal equivalent circuits. Figure 3.2 is the circuit diagram for each state. the dynamic behaviors

of the inductor current and capacitor voltage are different between states.

L
ig(t) Erey  gef.
" " A
+
Ve (t) w ——= r é Vo (t)
J
(a) ON STATE
L
ig(t) ey et
" " A

Ve(t) 5 = R é Vo (t)

(b) OFF STATE

Figure 3.2: The equivalent circuit of buck converter (CCM)

ON STATE The ON state (Figure 3.2a) is when Sy is on and D is off during (0,dT;) for a
switching period 7 (d is the duty ratio, and Dy is the steady value of the duty ratio d), and the
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inductor is energised. The dynamic equations of the inductor current iy and the capacitor voltage

vc are given by (3.1).

di, 1(v vo)
di _ L,
dﬁ_l(_@)
a  c\"" R

The input current i, is equal to the inductor current iz, and the output voltage vo is equal to the

capacitor voltage vc, then

lp =1
s (3.2)
Vo = V¢
The state equation and output equation can be obtained from (3.1) and (3.2).
7 o LT[ 1
=l e ] (3.3)
vc C T FRC ] Ve 0
i 1 o] 0
= ol v | (3.4)
Vo 0 1 vc 0

OFF STATE The OFF state (Figure 3.2b) is when Sy is off and D is on during (dTy, T;), the
inductor is dis-energised. The dynamic equations of the inductor current i; and the capacitor

voltage v¢ for this portion of switching period are given by (3.5).

dip 1

P s
dVC 1 ( . Vo ) ’
(-
dt C R
For Sy off, the input current i, is zero and the output voltage vo is equal to the capacitor voltage
ve, then
i,=0
¢ (3.6)
Vo =VcC
The state equation and output equation can be obtained from (3.5) and (3.6).
i o -1 ][ 0
o Loy { Ve ] 3.7)
176 c T RC ] Ve 0
i 0oo0][i 0
¢ | = Ll [ v | (3.8)
Vo 0 1 i Ve 0
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The state-space representation of the buck converter operated as continuous conduction
mode (CCM) is described as

dx | Aix+Biu (ON) (3.9)
dt Ayx+Byu (OFF) '

_ Cix+ Equ (ON) (3.10)
Cyx+Eyu  (OFF) '

Where x = [i;, vc]” is the state vector, u = [v,] is the input vector, and y = [i; vo]” is the output

vector.

The state matrices for the ON and OFF periods are

0o -1 1 0

¢ e 3.11
0 (3.11)
0

Figure 3.3 shows the waveform of inductor current under continuous conduction mode (CCM).

A=A =

I

lors

dTs (I-d) Ts Ts

Figure 3.3: Inductor current waveform of the buck converter (CCM)

3.1.1.2 Discontinuous Conduction Mode

When the load is light enough (for example: large resistance value), the buck converter will
operate in a discontinuous conduction mode (DCM). The buck converter has three states per
switching period in this mode. During a switching cycle, the inductor current stays at zero for
a while after ON and OFF period as shown in Figure 3.4, so it is called “discontinuous”. Same
as CCM, a simple linear circuit can represent each of the three states where the switches in the
circuit are replaced by ideal equivalent circuits. Figure 3.5 is the circuit diagram for each state.
The dynamic behaviors of the inductor current and the capacitor voltage are different between

states.
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ir

7 i

|

[

|
d2Ts difs Is 21

dils

Figure 3.4: Inductor current waveform of the buck converter (DCM)

ON STATE The ON state (Figure 3.5a) is when Sy is on and D is off during (0,d;T) for a
switching period Ty, the inductor is energised. The dynamic equations of the inductor current iy

and the capacitor voltage v¢ are given by (3.12).

div Lo
di _ 1, .y,
dt L (3.12)
dﬁ_l(-_m)
a _c\" R

The input current i, is equal to the inductor current iz, and the output voltage vo is equal to the

capacitor voltage vc, then

(3.13)
Vo =Vv¢
The state equation and output equation can be obtained from (3.12) and (3.13).
i o -1 1 ; 1
[l_lell L [lL + L][vg] (3.14)
|46} C —RC i vc 0
i 1 o] 0
£ = i [ Ve } (3.15)
Vo 0 1 Ve 0

OFF STATE The OFF state (Figure 3.5b) is when Sy is off and D is on during (d, Ty, d,T),
the inductor is dis-energised. The dynamic equations of the inductor current i; and the capacitor

voltage v for this portion of switching period are given by (3.16).

dip 1

ar 1 (3.16)
dﬁ_l(- - o) '
i Cc\'TR

For Sy is off, the input current i, is zero and the output voltage v¢ is equal to capacitor voltage

vc, then
i,=0
§ (3.17)
Vo = V¢
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(c) ZERO STATE

Figure 3.5: The equivalent circuit of the buck converter (DCM)

The state equation and output equation can be obtained from (3.16) and (3.17).

| —— |
Q- O

0

[ ]

(3.18)

(3.19)

ZERO STATE The zero state (Figure 3.5¢) is when Sy and D are both off during (d, 7, Ty).

This could happen because the inductor discharges totally and the current becomes zero before

the next switching cycle. The dynamic equations of the inductor current iy and the capacitor
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voltage v¢ for this portion of switching period are given by (3.20).
div_,
di (3.20)
dve Vo
dt RC

The input current and output voltage have the same form as OFF state (3.6). Then the state

equation and output equation of zero state can be obtained from (3.20) and (3.6).

L

’

Ve

|

|

[ig

Vo

0 0 |
0_1

|

00
01

I

Il

1, 0
+ Vg (3.21)
146} 0
1 0 [
+ ve | (3.22)
Ve 0 (¢t

The state-space representation of the buck converter operating in discontinuous conduction

mode (DCM) can therefore be described as

. Aix+Biu  (ON)
d—f —{ Axx+Bwu (OFF) (3.23)
Asx+Bsu (ZERO)
Cix+Eu (ON)
y={ Cux+Eu (OFF) (3.24)
Csx+Esu  (ZERO)
Where x = [i;, vc]” is the state vector, u = [v,] is the input vector, and y = [i; vo]” is the output
vector.
The state matrices for the ON, OFF and ZERO periods are
0o —1 0 0 1
c ke 0 —&e 0
B — B — 0 C— 1 0 Co e Cae 00
TP o Tlo | P o
0 (3.25)
E =FE)=F; =
1 =Ey=E3 0 ]

3.1.2 Small Signal Analysis and State-Space Averaged Approach Modeling

It should be mentioned that the steady state analysis of the DC-DC converter above is based on

the assumption that the input voltage is an ideal DC voltage source. However, in a real system,
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the input voltage contains harmonic components. On the other hand, the power stage of a DC-
DC converter is a nonlinear, time-varying system. Hence modeling the power stage presents one
of the main challenges to the designer. Since it was introduced in 1977 [22], the State-Space
Averaged approach (SSA) has became one of the essential techniques for modeling switched
mode power conversion circuits. In this section, modelling of the buck power stage using the
state-space averaged approach is discussed step by step. Only the continuous conduction mode

(CCM) of buck converter is considered.
Step 1: State-Space Averaged Model

In order to eliminate the high frequency switching ripple, we take the average over one

switching cycle of all the variables in (3.9).

=g [ o
1

t+Ty
(u(t))rs = 7 ) u(t)dt (3.26)
f t+T;
V0= 7/ y(t)dt

Then the differential of state vector (x),, can be calculated as:
)y =4 (% tt+T~‘x(7)dT> = L [T (t)de (3.27)

Substituting (3.9) in (3.27), one obtains

(E(0) . = ( [ T o de+ [+Rx(r)dr>

T (.28)
=7 (/t [A1x(T) 4+ Biu(t)]dt+ ot [A2x(7) +Bzu(r)]dr>
(3.28) can be simplified by (3.9) as
(6(0) 7y = ; (141 (x(2)) + By () AT, + [Aa (x(©) + B2 (u(©)]d T (329)

whered =1—d

After simplification of (3.29), the average state equation can be described as

G0, = [d@)A1+d (0)Aa] (50 + [A0)B1+d B2 (@), (3.30)
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Using the same method, the average output equation can be easily obtained

0(0) g, = [d)C1 +d (G| (3(0) 7y + [AWEr +d (B2 (u(1))r, (331)

Therefore, the state-space averaged model is expressed by (3.30) and (3.31)

Step 2: Steady State Equilibrium

We define that the capital letters of variables indicate the steady state. Substitute the steady
state value into (3.30) and (3.31):

X =AX+BU
(3.32)
Y=CX+EU
where
, i _1
A:DdAl—l-DdAz: ll‘
L “RC

0

1

C

, [ Dy
B=DyB+D;B, = (L) ]

C=D,C, —i—D;rCz =

: [0
E:DdE1+DdE2: ]

Because the differential of steady state is zero (X = 0), the steady state equilibrium can be
derived from (3.32) as

I De
X= =-A"'BU=| F |V,

Ve Dy

, e (3.33)
Y=| f |=(E-cA'BU=| R |V,

Vo d

Step 3: Perturbation and Linearization

The main idea of perturbation and linearization is introducing a small variation (small sig-
nal) around the steady state equilibrium point. If the variation is kept small, the nonlinear be-

havior of a small signal can be represented accurately by a linear model. We divide the average
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signal in two parts: DC quantity and small ac quantity.

(x(1)) gy =X+ %

(u(t)r, =U+ia

@)=Y+ (3.34)
(d(6))py=Da+d

where the” (hat) above the quantities indicates small ac quantities.
Then substituting (3.34) into the state-space averaged model, we have

X 4 £(t) = AX + BU +A#(t) + Bii(t) + [(A; — A2)X + (B — B,)Ud(¢)

(A1 = A)R0)d(0) + (B~ B)a()d (1) 535
Y +9(t) = CX + EU + C&(t) + Ei(t) + [(C) — C2)X + (Ey — E)Ud(¢) '
+(C1 = Co)2(1)d (1) + (Ey — E2)id(1)d (¢)
Combining (3.32) and (3.35), one obtains
() = A%(t) + Ba(t) + [(A1 — A2)X + (B1 — B)UJd (1)
+ (A1 = A2)R(1)d(1) + (B1 — Bo)i(t)d (1) (3.36)
(1) = C(t) + Ei(t) + [(C1 — C)X + (E1 — E2)UNd(t)
+(C1 = Co)2(1)d (1) + (Ey — Ex)id(1)d (1)

(3.36) are nonlinear equations. The nonlinear components are all product of small signals. If we
assume the small signals are small enough compared with DC quantities, the product of small
signals can be eliminated from the nonlinear equation without introducing considerable errors.

By doing this, the linear small signal model is as follow

>
~~
N

|

BN

£(t) +Bia(t) +[(A1 —A2)X + (By — By)Ud ()

R (3.37)
A(l‘) +Eﬁ(l) + [(C] — CQ)X + (El —Ez)U]d(l)

<>

—
~

—
I

Step 4: Small Signal Model Analysis

Based on the small signal model, we can analyse the dynamic behavior of the power stage,
which is crucial for controller design. Taking the Laplace transform of (3.37) and letting the

initial condition be zero, the state vector and output vector in frequency domain can be obtained
£(s) = (s —A)"'Baa(s) + (sI —A) " [(A; —A2)X + (B — By)U]d(s)

$(s) = (C(sI—A) " 'B+E) u(s) (3.38)
+{C(sl —A) " '[(A; —A2)X + (B) — Bo)U] 4 [(C1 — C2)X + (E; — E2)U]}d(s)
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From (3.38), the transfer functions between different variables can be achieved.
(3.39)

= (sI-A)"'B

1. Transfer function vector Gy, (s) from the input voltage v, (S) to the state vector £(s)

Af(S)

Dg(S) d(s)=0

Grg(s) =
2. Transfer function vector G.4(s) from the control input (duty ratio) d(s) to the state vector

£(s)
G _ X(s) — (o] AV _ _
xd(s) = = = (SI A) [(A] Az)X + (B] Bz)vg] (3.40)
d(s) |5, (5)=0
3. Transfer function vector Gy,(s) from the input voltage ¥,(S) to the output vector J(s)
G (s) = () —C(sI—A)"'B+E (3.41)
Dg(s) d(s)=0

4. Transfer function vector Gy,(s) from the control input (duty ratio) d(s) to the output vec-
(3.42)

tor (s)
) = C(sI —A)"'[(A1 —A2)X + (B1 — B2)Vy]

¥(s)=0
+ (C] —CQ)X+ (El —Ez)Vg

Substituting the parameters (3.11) into (3.39), the transfer function G,,(s) from the input voltage
(3.43)

Vg(S) to the output voltage ¥ (s) of the buck power stage is
j( )=0 1 +S% +SZLC

Then substituting the parameters (3.11) into (3.40), the transfer function G,,(s) from the control

input (duty ratio) d(s) to the output voltage 7o (s)
Vo(s V,
Grals) = T2l =5 (3.44)
d(s) |5, =0 1+sg+s°LC

By now, the small signal model is established (3.38) and two important transfer functions G, (s)

and G,4(s) are presented. Both are frequently used in the following controller design part.

3.2 Hybrid Modeling and Model Predicative Control

As described in Section 3.1, the conventional analysis for switching circuits such as DC-DC
converters depends on averaging approaches involving considerable approximation, thus hin-
dering the achievement of higher performance. Recently, with the development of advanced
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control techniques and the increased computational power provided by the available hardware,
analysis and synthesis of power converters in a new perspective is possible. Owing to the ex-
istence of switching actions, power converters are hybrid systems in nature. More specifically,
these converters feature different modes of operation depending on the action of the switches,
which can be seen as discrete states, where each mode has an associated continuous dynamics.
Hence more precise modeling technique along with corresponding advanced control methods
are needed to achieve higher performance. Motivated by the aforementioned difficulties, the
hybrid modeling theory and model predictive control are employed to improve the design of the

buck controller.

The term “hybrid system” refers to different meanings, among which is the follow: a
dynamical system that contains continuous dynamics and discrete events. It should be stressed
that the two kinds of dynamics not only coexist but also interact. A majority of dynamic systems
in practice are inherently hybrid, e.g., stepper motors, constrained robotic systems, just to name a
few. However, most research on dynamic modeling treats these systems from either continuous
or discrete perspective. In recent year, some research from the angle of hybrid systems has
emerged [124, 125, 126]. In [124], the general theory of hybrid systems is well-introduced. The
following contents on hybrid modeling is based on [124]. For clarity, rather than demonstrating
the hybrid model directly, we start from the well-known continuous model (ODEs), then add

discrete phenomena using hybrid automaton theory [127, 128].

3.2.0.1 Continuous-time State-space Model

The basic continuous-time systems can be defined by the solutions of ordinary differential equa-

tions (ODEs) in the state-space form.

x(t) = f(x(1)) (3.45)

where x(¢) € X, and X C R" is a continuous state-space.

The function f: X — R" is a vector field on R”, and the existence and uniqueness of solu-
tions is assumed. The systems depicted by (3.45) is the so-called autonomous system because
the dynamic behavior does not depend on time and no input and output exists. More generally,

a state-space model with the input and the output [104][129] is given by

x(t) = f(x(t),u(t),t) (3.46)
y(t) = h(x(1),u(r),1) (3.47)

where x(f) e X CR", u(t) e U CR™,y(t) €Y CRP,f:R"xR" - R"and h : R" x R" — R”.
u(+) and y(-) are the input and the output, respectively.
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3.2.0.2 Adding Discrete Phenomena

As hybrid systems can be regarded as a combination of continuous dynamics and discrete tran-
sients, the main challenge is how to precisely specify the interaction between these continuous
and discrete dynamics. Thus hybrid automaton theory is employed and next the standard defini-

tion of a finite-state automaton (finite-state machine, finite automaton) is given.

Definition 3.1. (Finite automaton) A finite-state automaton is a triple (X,Q,E). X C R" is the
finite continuous state-space, Q = q1, . . ., qn 1S a finite set called the alphabet; the elements in Q
are called symbols which denote the discrete states of the hybrid system. E is the subset of X x
O x X called transition strategy and its elements are called events. A sequence (qo,q1,---qm—1)
with (g;,qi+1) € E fori=1,2,...,mis called a path or trajectory.

Therefore, the model of the hybrid system can be obtained by introducing the finite au-
tomaton into (3.46) (3.47) and can be expressed as

©(t) = fo(x(t),u(t),1) (3.48)
y(t) = hq(x(2),u(t),1) (3.49)

where g € Q.

Define I, C X as the subset of the continuous state-space X, then f,(-) and h,(-) are func-
tions defined on the corresponding continuous sub-state-spaces I, depending on the discrete
state g. The common approach to depict the finite-state automaton is by a graph called state
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Figure 3.6: State diagram of hybrid system (¢ = 1,2,3)

diagram. Here a similar diagram is used to describe the hybrid model as seen in Figure 3.6. The
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circular areas denote different continuous sub-state-spaces, and arrows with symbols denote the

transitions or discrete states between these sub-state-spaces.

The hybrid modelling theory presented here will be employed to obtain the hybrid model

of the DC-DC buck converter in following sections.

3.2.1 Model Predictive Control

Model predictive control (MPC) is one of the advanced control methodologies which has made
a significant impact on control engineering. Given the limitation of computation power, for
decades, it was only used in slow processes, for example, in the process industry [130]. In recent
years, that has seen an incredible development of the modern computing hardware, the speed of
has

solving a convex optimization problem which is crucial to model predictive control
been increased by a factor of 10 [131]. As a consequence, model predictive control has been
employed as a powerful tool by researchers from different fields like power electronics which

requires fast and simple control strategies [4, 132].

Model predictive control is based on a dynamic model of the process and the current mea-
surement of the system state. The future values of output variables are predicted in a finite
horizon according to the model. The optimal control strategy for next prediction period is ob-
tained by solving a optimal problem on a so-called “cost function”. The key point of model

predictive control is the “receding horizon” idea that should be discussed in details.

The basic idea of a “receding horizon” can be depicted by Figure 3.7. We assume the
process has a discrete-time setting, and that the current time is labelled as k. At time k, the future
horizon is (k — k+ p). The red line is the reference trajectory and the goal is to drive the output
variable following the reference trajectory. The output variable during future horizon (k — k+ p)
is predicted based on the current state dynamic model, the past value of the output and assumed
control actions which could have different choices. Then by solving the optimal problem on
a cost function which considers about all the constraints and minimizes the output error, an
optimal control input series can be obtained during the horizon like u(k),u(k+1),...,u(k+ p).
However, it should be mentioned that only the first element of the predicted control input series
u(k) is implemented. Then the horizon moves for a step and all the calculations are repleaded
starting from the updated horizon, yielding a new control input series and a new predicted output
trajectory. The horizon keeps receding forward so the key point of predictive control is called

“receding horizon method”.

3.2.2 Hybrid Modeling of the DC-DC Buck Converter

In this section, a hybrid model of the DC-DC buck converter is developed. Unlike the modeling
techniques introduced in Chapter 3.1, the hybrid model takes the exact dynamic behavior into
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Figure 3.7: Receding horizon idea (image from wikipedia—Iicensed under the Creative
Commons Attribution-Share Alike 3.0 Unported)

consideration, without any approximation.

The circuit topology of the DC-DC buck converter is shown in Figure 3.8. The state of
the system is defined as x = [iL,vc]T where iy is the inductance current and v¢ is the output
voltage, which is equal to the capacitor voltage. Both of the state variables can be easily mea-
sured in practice. The converter features two operation modes or two discrete states due to the
switching action of S,, : the ON mode and the Off mode which are symbolled as g; and ¢»,
respectively. Thus, according to the hybrid modelling theory presented above, Q = ¢1,¢> and
E =(q1,92),(q2,4q1) - The state equations of each mode are described by affine continuous-time

state-space equation as follow

L
Sw Aaas
117 [
Control
+ Arcuid 3
Vg C_) ¢ ' A i p— 4 R ; =
L
Figure 3.8: A buck converter topology
x(t) =Agx(t) + By u(t) (3.50)

x(t) = Agx(t) + Bg,u(t) (3.51)
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where
o 1
Ag =1, % ]
L C ~RC
o 1
Ap=1, 1 ]
S (3.52)
By, = (L) ]
0
By, = 0
Then, the output voltage across the load is defined as y = [v,]
y=Cx (3.53)
where
cC=[0 1] (3.54)

Motivated by [133], a similar method is used to build up an interactional hybrid automaton
system H with two finite-state automaton H; and H; as shown in Figure 3.9. H; governs the
discrete transition which depends on the continuous signal from H, and generate the gate signal
G transmitting to H,. H, governs the continuous evolution according to the gate signal accepting
from H;. The behavior of H, is simple: when G = 1, turn to state ¢;; when G = 0, turn to state
q>. The key challenge left to the control scheme design is the transition strategy of H; which

will be discussed in the following sections.

H,

Figure 3.9: Hybrid automaton of the DC-DC buck converter
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3.2.3 Modeling for Controller Design

In order to implement the model predictive control, a predictive model is needed. Thus in this

section, the hybrid model obtained above is transformed to a discrete-time predictive model.

The general solution of state variable in (3.50) (3.51) can be derived from the state equation

X(t) = Bt — 1o)xg + /t "0(t — 7)Bu(t)dz (3.55)
where
Ot —19) = 0710 (3.56)
or
Ot —19) = =10 (3.57)

We define the sample time as Ty, and consider the time interval [kT; — (k+ 1)T;]. Hence fy = kT
and r = (k+1)T;. (3.55) can be rewritten as:

(k+1)T;
X((k+ D) = §TRUT) + [ 9((k+ DT = D)Bu()dr (3.58)

As long as the sample time is small enough, it could be assumed that input signal u(¢) keep
constant during the sample interval. For simplicity of notation, we will use k for kT;. Let
t = (k+1)T — 7, one obtains:

X((k+ T;) = 0 (T)T) + " 0 (1) diBu(kT) (3.59)

From the view of implementation, one problem for (3.59) is how to calculate ¢(7}) and
fOTS ¢ (1)dt which are exponential functions. From [134], we know that the exponential function
can be approximated by the first two terms of its Taylor series. Hence, (3.56)(3.57) can be

approximated as

(1) =™/ (hel) I+ Ay, T/ (1 +A,Ty) (3.60)

Substituting (3.60) into (3.59), the predictive model can be obtained.

x(k+1) = G, x(k) + Hy u(k) (3.61)

x(k+1) = Gyox(k) + Hyyu(k) (3.62)
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where
1
_ L
Gy L 1_ L ]
L C RC
L _n
_ L
Gy L 1_ I ]
- - ke (3.63)
Hy, = (L) ]
[0
Hy, = 0
The predictive output equation is given as
y(k+1)=Cx(k+1) (3.64)

3.2.4 Model Predictive Controller Design

In this section, a model predictive controller is designed based on the predictive model develop-
ment above (3.61)(3.62) and (3.64).

For the buck converter, the aim of the controller design is to let the output voltage v, follow
a reference voltage v,.r. Motivated by [6], a short horizon MPC strategy is adopted. We set the
horizon as two sample interval. According to the predictive model (3.61)(3.62) and (3.64), the

predictive equation of the output voltage in two horizon can be obtained

vo(k+2) = 2 Vi) = v, (k) +r§vg(k)] + (1 - T) [?i(k) + (1 _ T) vo(k)} (3.65)

C L RC RC
where
1 ON
I'= (3.66)
0 OFF

That is: at the current time k, the inductance current i;(k), the output voltage v, (k) and the input
voltage vy (k) are measured. The output voltage at time k + 2 is predicted. Now we introduce the
cost function J.

J = Vo =iy (3.67)

For every step, the cost function of each mode can be calculated i.e. J,, and J,,. The mode
that can minimize the cost function is selected to implement in next sample time. Hence, the

flow diagram of the implemented control algorithm is given in Figure 3.10.
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Figure 3.10: Flow diagram of the implemented control algorithm

3.3 Summary

NO
YES l
Sw=1 Sw=0
Y
Apply Sw

In this Chapter, two mainstream modelling and control scheme, which are linear control design

based on state-space averaged model and model predicative control based on hybrid model,

have been reviewed in details. These two methods will act as benchmarks for the following

chapters and give a clear comparison with the new modelling and control methods proposed in

this thesis.
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Chapter 4

Sampled-Data Control with Adjustable
Switching Frequency

4.1 Hybrid Modelling in State-Space

In this section, a unified hybrid model is proposed for no-transformer non-isolated DC-DC
power electronics converters. We only consider three simplest and most commonly used topolo-
gies, that is, Buck, Boost, and Buck-Boost as shown in Figure 4.1, since more complex DC-DC
converters, such as (fuk, Sepic, and Zeta converters, can be treated as the combination of these

basic topologies [135].

For all the topologies: Vj is the source DC voltage; L is the inductance of a inductor; C
is the capacitance of a capacitor; and R represents load resistance. The current through the
inductors and the voltage across the capacitors are indicated in Figure 4.1. The voltage across

the resistive load is to be regulated.

The principle of operations for these three converters is to control the status of the transistor
(Sw) such that a source of direct current (DC) can be converted from one voltage level to another.
In term of the position of the switch S,,, all these DC-DC converters have two switching states:
the ON state and the OFF state. For each switching state, the continuous dynamics of the

converter can be described by a state-space model:
%(t) =Acx(t) +Bs, 0 €E£{1,2} 4.1

with the system states x(¢) = [ir,vc]” € R? for buck, boost, buck-boost converters. (A1, B;) and
(A2, By) are the system matrices for the ON state and OFF state respectively, which are given in
Table 4.1.

Due to the complementary operation of the transistor Sy, the evolution of the system state

45
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9%

Y

(a) Buck Converter

™ >

(b) Boost Converter

D

“H
+
A

(c) Buck-Boost Converter

Figure 4.1: Topologies for different DC-DC Converters

is determined by the continuous dynamics together with the status of the switch (o =1 or 2).
Hence, a unified switched model (4.1) with two subsystems is proposed for the three DC-DC
converters of interest. It is stressed here that although similar models have been used for the

simulation of DC-DC converters, control design, particularly sampled-data control, based on
the switched model remains rare.
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Table 4.1: State matrices of switched model for different topologies.

Topologies A; B;
0 1L A
Ar=| | k } B =| L ]
L ¢ “re . O
Buck Converter fo L "o
Ay=| | I } B, = 0 }
L C ~RC L
[0 0 [ Ve ]
A = B g L
Lo g ] =lo |
Boost Converter o 1 Ve
A2 — l _i :| 32 — 6
L C RC L
[0 0 [ Ve T
Buck-Boost Converter L RC L
[0 —1 [0
A2 == l _L Bz = 0
L C RC L

From the standpoint of control theory, the system in 4.1 has a discontinuous vector field
and thus classic equilibrium solution is no longer applicable. However, our goal is to regulate
the output voltage to some reference points, which are some sorts of “equilibria”. To solve this
issue, we employ the so-called Filippov solutions to obtain the attainable reference points [136].

The basic idea is to replace the right-hand side of 4.1 with a differential inclusion, that is,
x(t) =AA)x(t) +B(A), 4.2)
where

A(L) =AA1+ (1 -21)A,
B(A) =ABi+ (1 —1)B;
A €0,1]

With this “averaged” system, the attainable equilibrium can be obtained as

xe=—-A"YA)B(A), A €[0,1]. (4.3)

An interesting finding is that the Filippov equilibrium in 4.3 is equal to the equilibrium obtained
by using classic approaches, and the parameter A is equal to classic duty ratio. Despite the
similarity in the steady state, we manipulate the power switch directly instead of controlling the

duty ratio as often used in classic control approaches.
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4.2 Sampled-Data Control Scheme

In this section, a state-feedback switching controller based on the sampled state is proposed.
A significant difference between the proposed method and most digital control schemes for
DC-DC converters such as DPWM [137] and model predictive control [69] is that: in order
to capture more transition information of the converters, the design is based on a continuous-
time plant (4.1) with full-time information rather than a discrete-time model that neglects the

inter-sample behaviour of the converters.

x® A

- X(t)=AX(t)+B,

o X(KT) \
Switched controller |«

Figure 4.2: General sampled-data control structure for DC-DC buck converters.

X(0) x(@1) x(2) X(k=1) x(k) x(k+1) x(k+2§x(t)

» 1

0 1 2 k-1 k k+1 k+2

Figure 4.3: The time relationship among different variables.

The general structure of the proposed sampled-data control scheme is depicted in Fig-
ure 4.2. The system state is sampled as x(kT'), where T is the sampling period and k =
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0,1,2,3. ... For notational simplicity, k stands for k7" in the remaining part. Before proceeding,

the following assumptions are presented:

1. Define switching signal o (x(k)) : R? — = = {1,2} as a piecewise constant function, map-

ping the full state-space R? to the available switching signal set Z.

2. The switching signal 6(x(0)) needs to be initialized manually based on the initial condi-
tion of the DC-DC converters.

3. The switching signal o (x(k)) is updated at the start of the sampling instants k7 and keeps

constant during the whole sampling period [k,k+ 1) as shown in Figure 4.3.

Based on these assumptions, a closed-stability guaranteed switching controller (i.e. the

switching signal function o (x(k)) is designed off-line.

4.2.1 Off-line Design of Switching Controller

A state-feedback switching control law & () is proposed as

o(x(k)) = arg(i J};éiwnxc{Zwl ((x(k) —xe)TPj(Aix(k) —&—Bi)) +2wali—o(x(k—1))|}, (4.4)
where x, = [i,v,]! is the reference point obtained by 4.3; = = {1,2}, wy, w; are two positive
weighting factors for adjustment of switching frequency; P; € R?*2 are parameter matrices to
be determined later. ((x(k) —x.)" P;(Ax(k) + B;)) is the derivative of the Lyapunov functional.
Hence, the switching law is to be able to drive the system state along the fastest converging direc-
tion which guarantees the system stability. The second part of the switching law |i — o (x(k—1))]
is adopted to adjust the switching frequency which will be explained later. The following theo-
rem states that under some conditions the proposed switching control law will drive the system

to the neighborhood of the desirable reference points.

Firstly, a technical lemma which will be used in the following part is presented.

Lemma 4.1. (Jensen’s inequality)[ 138] Given a positive definite matrix Q,

[ )0)ds > 110" ()00 “.5)

fo

where v(t) =

Theorem 4.2. For given positive scalars &, p, €, B, k, a Lyapunov-Krasovskii functional can-
didate is defined as

V(9(1),1) =Vi(9(t)) +V2(0(1),1), (4.6)
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where ¢ (t) = x(t) — x,, and
Vi(9(1) = min{p" (P9 (1)} 4.7)
V(00).0) = (T=7) [ E6047(5)000(s)ds T =1—15, 1 € [kk+1)
If the following condition is satisfied
V(O(0).0)+EV(9(0),0) < pT+ el (e +2B) 2, V€ [kk 1), (48)

then under the switching signal o (x(k)) the state of the DC-DC converters x(t) will converge to

a finite region © around the reference point x,, where

Tp+xllxlP , e+28w

O 2 {x(¢) € R? : min{eigmin(P; —x,||]» < , 4.9
{x(r) min{ eigmin(Pj) }x = %e[l2 < Z — (4.9)

Proof. We note from the min property of V;(¢(¢)) that at the switching instant k,
Vi(9(k),55) = 97 (K)Pj(g 9 (k) < 87 (k)Pj(o,_) 9 (k) = Vi (9 (k)1 ) (4.10)

which means that the Lyapunov functional V; (e(r)) does not grow after each switching instant.
By using the comparison principle, we have that if (4.8) holds, then

1)
V9.0 < e S0k ) +0 [ oS as
Tk
t

<e DY (p(k—1),07 ) +60 [ e 50 ds

T—1

t
< ... <eEVy(6(0),0)+ 6 /0 e E0=9 gy,

where
w2
0 =pT+ K\|Xe]|2+(8+2ﬁ)w—l,

which means that for r — oo, x(¢) exponentially converges to the region ©. 0

Therefore, if the system is practically stable under the proposed switching signal ¢ (x(k)),
the inductor current iy and capacitor voltage v¢ will be stabilized around the desired DC steady
state i, and v, respectively with bounded ripple. Furthermore, The boundary of the current ripple

and voltage ripple are defined by the region ®.

Remark 4.3. The minimum function V;(¢(¢)) ensures that the abstract energy associate with
the system will not increase at the switching instant. To guarantee that the energy will decrease
along the trajectory of the system, it suffices to require that the Lypuanov function does not
increase during the sampling interval [k,k+ 1). A discontinuous term V(¢ (¢),7) is added to

achieve this.
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We are now in a position to present the main result. The details of how to solve the un-
known Lyapunov matrices P;, with which the practical stability condition (4.8) is satisfied, is

demonstrated in the form of Bilinear Matrix Inequalities (BMIs).

Theorem 4.4. Consider the switched model (4.1) with sampling period T and given parameters
E>0,p>0€>0 k>0 w >0, wy, >0, for a specific reference point x, with corresponding
A €10,1], if there exist matrices P; >0, Q; >0, scalars B >0, pj, >0, forV(i,j) €EEXE, re&
such that

¥(0,0,1) <0, 4.11)
¥(T,T%,1) <0, 4.12)
where -

(1,77, A) =I(1) + B(Q(7,7) + Q(7,7°, 1)) — Y 1jr (4.13)

H(T)ll H(T)12 0 H(’L')M

B x  TI(7)n 0 I1(7)24

M(z) = * * —1Qe 5T 0 7
* * * I1(7)44

=

()11 = AT P+ PA +EP; + (T — 1)A] QiA;,

()12 = (T = 1)A] Qii + P,

()14 = (T — r)ATQ,B + P;B;,
1(7)2 = (T —1)A!

(T)as = (T - T)A QiB;,

(7)as = ( )B;

[ QiB; —pT — (s+2ﬁ)ﬂ,
wi

)12

T

T)24 =

Tga=(T—7
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—AI'P;—PA; —PA; t(ATPi+PA;) —PB;

0 AT'p; 0
Q(T,’L’z)— * TA; L ’
* x  —1*(ATP;+PA;) TPB;
* * * 2%1
AT(QL)PJ'+PJ'A(7L) 0 *T(AT(A,)PjﬁLPjA()L)) 0
0 0 0
Q(1,7%,4) = i :
< x T2 (AT(A)P;+PAR)) O
* * * 0
Pi—P. 0 —1t(Pi—P) 0
0 0 0
Y,(1,7%) = i 5 :
‘ * * 1 (Pi—P) 0
* * * 0

the condition (4.8) is fulfilled. Then the DC-DC converter is practically stabilizable to the region

® around the desired reference point x, under the switching signal (4.4).

Proof. Without loss of generality, we assume that at time k, o(x(k)) =i, and Vi(¢(k)) =

I}leig{wk)TPj(P(k)} = ¢ (k)" Pj¢ (k).

Then along the solution of (4.1), the derivative of the chosen Lyapunov functional (4.7) can
be calculated:
Vi =min{@" (1)P;9 (1) + 9" (1)P;$ (1)} = min{2¢" (1)P;(A;9 (1) +Apxe + Bi)}

(4.14)
<O (1)(AT P+ PiA)O (1) +20 (1) Pj(Aixe + B)).

Applying Lemma 4.1 yields,

Vo+EVs <(T — 1) (A (1) + Aixe + B)) Qi(Aid (1) +Aixe +Bi) — o7 (1) Qiv(1)e T, (4.15)

¢(0)—0 (1)

where v(f) = ==

,T=1—1.

T
Define n(t) = [ o(t) x. v(t) 1 | ,the condition (4.8) holds if

n’(t) () (1) <0, (4.16)
where
(7)) II(7)12 0 I1(7)14
(7) = : H(:)m rQ(,-)e—%‘T H(g)m :
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I(1)11 = AT P+ PiA;i + EP; + (T — 1)AT QA
()12 = (T — T)A] QiA; + PjA;,

(1) = (T - r)ATQ,B + P;B;,

(1) = (T — 1)A!

I(7)os = (T — T)A 0.B;,

M(t)sa = (T —7)B] QiBi —pT — (e +26) 2

Based on the proposed switching signal function (4.4), for VI € E, the following inequality
holds:

2w19 (k)" Pi(A19 (k) +Aixe + B) +2wa |l — 01| >
2wi (k)" Pi(Ai (k) +Aixe + B;) +2wai — 031 . 4.17)
Rearranging the inequality yields,

w .
2w10(k)T P;(A;0(k) +Asx. +B)) +2W—?(|1 — |~ li—or]) >

2w19 (k)" P;(Aip (k) +Aix. + B;). (4.18)

Since —1 < |l — o_1| — |i — 0p—1| < 1, VI € &, if (4.18) holds, the following inequality
holds:

2wi (k)" P;(A10 (k) +Aix. + B)) +2% > 2w 9 (k)T Pj(A;9 (k) +Aix, + B;). (4.19)

When [ = 1, multiplying the inequality (4.19) by A yields,

2w10 (k)T Pi(AA19 (k) + AA1xe + AB1) + 222 > 2w10 (k)T P(AAi (k) + AAixe + AB;).
w1

(4.20)
When [ = 2, multiplying the inequality (4.19) by (1 — 1) yields,
2w (k) Py((1 = 1)A20 (k) + (1 = M)Aswe + (1~ A)B2) +2.2
> 2w (k)T Pj((1—A)A;¢ (k) + (1 — L)Aix, + (1 —A)By). 4.21)

Summing up (4.20) and (4.21), the following inequality holds:

207 (K)Pj(A(A) —A) (k) — 207 (k)P;(Aix, +B;) + 2:{ >0, (4.22)



54 Chapter 4 Sampled-Data Control with Adjustable Switching Frequency

where the relations A(A) = AA; + (1 —A)A2, B(AA) =AB;+ (1 —A)By,and A(A)x, +B(A) =0

are used.

For ¢ (k) = ¢(¢) — tv(t), and using the same variable 1(¢), the above inequality becomes:
n’ (1)(Q(z,*) +Q(1,7%,1))n(t) >0 (4.23)

where

—Al'P;—PA; —PA; t(ATPj+PA;) —PiB;
* 0 TA! P; 0

Q(1,7%) = : 4.24
(z.7) * x  —12(ATP;+PA;) TPB; 20
* * * 2%1
AT(A)ijLPJ'A()L) 0 *T(AT(QL)PjﬁLPjA(l)) 0
* 0 0 0
Q(t,72,1) = 4.25
( ) < x T2 (AT(A)P;+PAR)) O *29)
* * * 0

Another assumption V(¢ (k)) = min{¢ (k)" P;¢ (k)} = ¢ (k)" P;¢ (k) is satisfied only if
Se

0" (k)Pio (k) < ¢" (k)P ¢ (k), Vr € E (4.26)

Using the expression ¢ (k) = ¢ (z) — Tv(¢) and the same variable 1(¢), the above inequality

becomes:
n’ () Y;(z,7*) n(t) <0 (4.27)
where
Pi—P. 0 —'L'(Pj—Pr) 0
0 0 0
T]'(FL-/[‘-Z)_ i

* x T2(P;—P) 0
* * * 0
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Applying the S-procedure, the above condition holds if

wim" ()Y,(7, ) () <0
(4.28)

n’ (1) I(2) n (1) +Bn’ (1) (Q(7,7*) +Q(7, 7%, 1)) (1) -

~ M[r]

B >0, Ju; >0, V(i,j) € ExE.

Rearranging the inequality yields,

¥(t,72,4) = (1) 4+ B(Q(1,7%) + Q(1,7%,1)) —iuﬂj(r,‘cz) <0 (4.29)

Since ¥(7,7%,4) € co{¥(0,0,1),¥(T,0,1),¥(T,T?,1)},Vt € [0,T], (4.29) holds if

¥(0,0,1) <0 (4.30)
¥(T,0,A) <0 (4.31)
W(T,T%,1) <0. (4.32)

Because (4.32) implies (4.31), the conditions (4.30)—(4.32) are sufficient to guarantee the
stability with the proposed switching law.

O

Remark 4.5. The model (4.1) is a continuous-time model with sampling, which is different from

normal digital control based on a discrete-time model.

Remark 4.6. The tightness of the region (4.9) is proportional to the sampling period 7. Thus,
for fixed other parameters, a high sampling frequency will result in a tighter boundary, which

means a smaller converter output voltage ripple.

Remark 4.7. The switching signal function o(x(k)) is designed off-line, and this will undoubt-
edly reduce computational burdens. More importantly, closed-loop stability with our method is

guaranteed theoretically.

Remark 4.8. The parameters &, p, €, k,wy,w, are used to specify the size of the region ®, and
should be given before solving the inequalities. Then by partitioning the scalars 8 > 0, . > 0,

the conditions are converted to a set of LMI problems.

It should be mentioned that unlike the traditional PWM control which has a fixed switching
frequency, the switching frequency is unfixed for the proposed method. However, the switching
signal keeps constant during each sampling cycle. Hence, the average switching frequency of
the proposed control scheme is bounded by the sampling frequency which is more applicable
than the other similar stability based methods [139] with the assumption of infinite switching

frequency in practice. It is obvious that the switching frequency is inversely proportional to
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the ripple. Hence, it is crucial to reach a compromise between ripple minimization and switch-
ing frequency reduction because over-rapid switching will reduce the energy efficiency of the

converter and pose a challenge to thermal management.

In the proposed switching signal function

o(x(k)) = arg(' I)l’éill {2wi ((x(k) — x0) " Pj(Aix(k) +By)) + 2w i — o (x(k— 1)},
i,j)JEEXE
the weighting factors w; and w; are introduced to adjust the average switching frequency. For
the term |i — o(x(k—1)|, if i is equal to the previous switching state & (x(k — 1)), it will be zero;
otherwise it will be one. Due to the min property of the switching signal function, it will prevent
the change of the switch state if the practical stability can be guaranteed. By this way, some

unnecessary switching can be avoided and the switching frequency is reduced.

The region ® is proportional to the weighing factor w, for a fixed w;. Hence, if w, in-
creases, the region become larger which means larger current and voltage ripple. In the mean-
time, the average switching frequency is decreased. One may argue that the change of the factor
wy will result in the invalidity of inequalities (4.11) and (4.12). In the following corollary, the

practical stability holds when the weighting factor w, changes.

Corollary 4.9. Consider the switched model (4.1) with sampling period T and parameters & >
0, p >0, € >0, k> 0 for a specific reference point x, with corresponding A € [0,1]. If there
exist matrices P; > 0, Q; > 0, scalars B > 0, uj. >0, for V(i, j) € Ex &, r € E such that

¥(0,0,1) <0, (4.33)
¥(T,T%,1) <0, (4.34)
with a given wi > 0 and wy = 0, then the condition (4.8) is fulfilled and the DC-DC converter is

practically stabilizable to the region ©® around the desired reference point x, under the switching

signal

o(x(k)) =arg min {2w; ((x(k) —x.)" Pj(Aix(k) +B;)) + 2w i — o (x(k— 1)[},

(i,j)eEXE

with the same wi > 0 and any wy > 0.

Proof. Continuing with the proof of Theorem 2, the inequality (4.29) can be separated as two

parts: one with the weighting factor w; and w, and the other without.

00 0 0
0 0 0

¥ TA<O (4.35)

* 0

wa
w1

* % x —pT —¢
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A represents the inequality without the weighting factor wy and w,. For simplicity, the details of
the A is omitted.

Obviously, the inequality (4.35) with a given w; > 0 and any w, > 0 holds, if the inequality
(4.35) with a given w; > 0 and w, = 0 holds. Hence, when the inequalities (4.33)—(4.34) hold,
Theorem 2 is satisfied. O

Remark 4.10. According to Corollary 1, the weighting factor w, can be adjusted online without
re-design the switching function o(x(k)). The benefit is that the balance between ripple mini-
mization and switching frequency reduction can be adapted depending on the practical situation

in real-time.

Remark 4.11. Even though the practical stability preserves theoretically for any w, > 0, one
should be careful when increasing the weighting w,. A very large wp will result in very large

current and voltage ripple. In such a situation, the DC-DC converter is practically unstable.

Until now, the proposed method is designed for a specific reference point x,. As we men-
tioned, in some applications, the output voltage of DC-DC power converters is required to track
a changing reference signal or adjust manually. In the following corollary, the proposed con-
trol scheme is extended to a range of reference points. Therefore, the switching signal function
can drive the state of DC-DC converters tracking different reference points within the range in

real-time without re-design.

Corollary 4.12. Consider the switched model (4.1) with sampling period T and given param-
eters E>0,p>0,€>0 k>0,0< Apin < Apin < 1. If there exist matrices P >0, 0; >0,
scalars B >0, uj, > 0, for V(i, j) € Ex &, r € & such that

¥(0,0, Apyin) <0 (4.36)
W(T,T% Apin) <0 (4.37)
¥(0,0, Aax) <O (4.38)
W(T,T?, Amax) < O (4.39)

with a given wy > 0 and wo = O, then the condition (4.8) is fulfilled and the DC-DC converter is
practical stabilizable to the region © around any desired reference point x, with corresponding
A € [Amin, Amax| under the switching signal

o(x(k)) =arg min {2w; ((x(k) —x.)" Pj(Aix(k) + B;)) +2ws|i — o/ (x(k— 1)[}

(i,/))€EXE

with the same w1 > 0 and any wy > 0.

Proof. Continuing with the proof of Theorem 2, Q(7,72,1) is the only term dependent on A.
By substituting A(A) = AA; + (1 — 1)A; into Q(7,7%,1) and rearranging the matrix, one can
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have:
Q1,7 A) =AM+ (1—-A)N=A(M—N)+N (4.40)
where
[ ATP;+PA, 0 —1(ATP;+PiA)) O ]
* 0 0 0
M=
* x T2(ATP,+PA) O
* * * 0
[ ATP+PA; 0 —T(ATP,+PA;) O]
* 0 0 0
N p—
* x T2(ATP;+PiAy) O
* * * 0
Because A € [Apin, Amax|, we can define:
A= p/lmax"i_ (1 _p))tmina pc [07 1] (441)
The condition (4.36)—(4.39) can be written as:
A(0,0) + B(Amin(M —N)+N) <0 (4.42)
A(T,T?) + B (Anin(M —N)+N) <0 (4.43)
A(0,0) + B(Apax(M—N)+N) <0 (4.44)
AT, T?) 4 B(Amax(M —N)+N) <0, (4.45)

where A(t,7%) =I1(0) + BQ(0,0) — %u,,T,(o, 0).

Then multiplying (1 — p) to (4.42)—(4.43) and multiplying p to (4.44)—(4.45), one obtains:

(1—=p)A0,0) + B((1 = p)Amin(M —N) +pN) <0 (4.46)
(1= p)A(T,T*)+ B((1 = p)Amin(M —N) + pN) < 0 (4.47)
PA0,0) + B(pAmax(M —N) + (1 - p)N) <0 (4.48)
PA(T,T?) + B(pAmax(M —N) + (1 — p)N) < 0. (4.49)

Summing up (4.46)—(4.48) and (4.47)—(4.49) respectively yields,

¥(0,0,1) = A(0,0)+B(A(M—N)+N) <0 (4.50)
W(T,T%4) = AT, T*) + B(A(M —N) +N) < 0. (4.51)

Now we can claim, if the conditions (4.36)—(4.39) hold, the conditions (4.11)—(4.12) hold for
VA € [Amin, Amax)- ]
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o(x' (k) = arg min  2wi((x' (k) — x)"P;(A;x' (k) + B)

+ 2w, |i — o(x(k — 1))

Figure 4.4: Flow chart of the proposed algorithm.
4.2.2 Online Implementation

This section explains in details of how to implement the off-line designed switching controller

based on LMI conditions.

At the beginning, the switching signal ¢ (x(0)) needs to be initialized manually based on
starting condition of the DC-DC converters. It is obvious that, in practice, the switching signal
o (x(k)) cannot be generated based on x(k) as the time for computation of the switching signal

cannot be zero. In this chapter, a novel online state prediction strategy is developed.

As shown in Figure 4.4, during the interval [k — 1,k]), the switching signal o (x(k — 1))
which is calculated in previous interval [k — 2,k — 1] is applied first and keeps constant in the
current interval. At the same time, the system state x(k — 1) is sampled and the next state x(k) is

predicted based on the solution of the differential equation (4.1).

T
X" (k) = P (xp—1)) (T)x(k— 1) +/0 D (x(k—1)) (£)dt B (x(k—1)) (4.52)

where ®g (1) = ',
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Then the switching signal O, (;) for the next interval can be calculated and stored based on
the proposed switching signal function (4.4). One may worry that the prediction error due to
uncertainties in system model may affect the stability and performance. To treat this issue, one
may use the technique in [140] to bound the prediction error, and convert it to an uncertainty in
measurement. Since the proposed conditions are strict matrix inequalities, small uncertainties

in measurement can be tolerated.

4.3 Simulation Results

In order to test the effectiveness of the proposed control algorithm, the switching controller is
applied on a DC-DC buck converter as shown in Figure 4.1a. Numerical simulation is conducted
first to show the validity of the mathematical model (4.1). The simulations were conducted using
Matlab. The state matrices can be found in Table 4.1. The parameters for the buck converter are
shown in Table 4.2. The sampling frequency f = 40kHz. For simplification, only the simulation
results of CCM load (R = 4.90 Q) are presented in this section.

The BMI conditions (4.36)-(4.39) in Corollary 2 are solved off-line by partitioning the S-
procedure parameters f3, i1, and converting the conditions to a set of LMI problems. Although
solving general BMIs is NP-hard, the computational burden for the problem considered in this

chapter remains affordable, since the order of the system is only 2.

Table 4.2: The buck converter parameters

Buck Converter Parameters

inS.1.
L | 616.3uH
C | 880uF
R | 4.90Q
Ve | 20V

4.3.1 Model Normalization

Substituting all the parameter into the model based on Table 4.1, the state matrices is as follow:

3 —0.6490 —1.6226 32452
A] =107 x Bl =
1.1364  —0.2319 0
3 —0.6490 —1.6226 0
A2 =107 x By =
1.1364 —0.2319 0

It can be seen that the value of the entries are very large due to the value of the inductor and

capacitor. It will result in ill conditioned matrix inequalities. Hence, a Per-Unit technique,
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which is a popular normalization method in the power systems analysis, is adopted to get a
numerically friendly model. First, it is assumed that the input voltage V,, the load resistance R,
and the sampling frequency f are time-invariant. Then we can choose them as base quantities:

Vb = Vg, Ry =R, f, = f. The base inductance and capacitance can be deduced as:

R, 1
21ty 2nfuRy

Ly (4.53)

Similarly, the base current I, = X—i’.

Therefore, the per unit values of all the parameters and states of the buck converter are defined

as:
- L - C _ R
L=— C=— R=— (4.54)
Ly Gy R,
Vg — vc - iL
=— == 4.55
£y, Ve v, i A (4.55)

Hence, the normalized system state is X(¢) = [i. vc], and the parameters of the converter are

summarized in Table 4.3

Table 4.3: Converter parameters of the simulation results

Converter Parameter

inS.1. in PU.
L 6163uH | L 31.61
C 880uF C 1083.70
R 4.90Q R 1.00
Ve 20V Vg 1.00

4.3.1.1 Start-up response without switching frequency tuning

Firstly, the tuning parameters are given as: £ =2 x 1074, p=1x10"% =2,k =1 x 1074,
wi =1, wy =0. A is set as 0.46, which is corresponding to the reference point x, = [1.89 9.25].
When 8 =1, uy, = 1.5, pp; = 1.1, the conditions (4.36)—(4.39) are feasible. The value of the
matrices P, Q; are omit due to space limit. Then under the switching signal function o (x(k)),
the state response is depicted in Figure 4.5. It can be seen that output voltage v¢ and inductance
current iy have been driven to the desired reference point x, respectively during a short transition

period and there is no overshoot for output voltage v¢(t).
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Figure 4.5: The start-up responses of v¢ and iy without switching frequency tuning
(Simulation).

4.3.1.2 Switching signal function analysis

Although the stability condition for the switching signal function design seems complicated, the
precalculation of the parameters makes it very simple to implement. The nature of the switching
signal function o(x(k)) is to partition the state-space into different regions. After searching the
state-space, the switching surface for different reference points can be calculated. The state-
space partition can be seen in Figure 4.6. For the Buck converter, A| and A, are equal and the
matrices Py, P; are similar. Hence, the switching surfaces are almost linear as seen in Figure 4.6,
which are presented by the dashed lines. The switching signal is defined as ON if the system
state is recognized in the left of the selected switching surface, otherwise the switching signal is
defined as OF F. In Figure 4.6, the transition behaviour of the system state with three different
reference points is presented as examples. The colours of asterisks mean different switching
signals, that is: red means ON, black means OF F’; and the arrows indicate the time revolution
of the system state x(¢). As it can be seen, if the state is away from the switching surface, the
switching signal will drive the state towards the switching surface. If the state is around the
switching surface, then it will be driven to the origin along the surface. Finally, the system state

x(t) will be stabilized around the desired reference point.
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Figure 4.6: Switching surface for different reference points.

Table 4.4: Weighting factors, average switching frequency and voltage ripple (Simula-
tion).

wi wo fs(averge)(V)  AVe(V)

1 0 18.9kHz 0.03
1 0.00001 12.7kHz 0.05
1 0.00002 8.6kHz 0.07
1 0.00004 5.2kHz 0.10

4.3.1.3 Start-up responses with switching frequency tuning

In this section, the impact of weighting factors are studied with the same switching controller.
Four different values of w,: 0, 0.00001, 0.00002, 0.00004 are tested. The responses of v¢ and
ir under different weighting factors are shown in Figure 4.7. As it can be seen, the system
presents quite similar behaviour even if the weighting factor w, is changed. In Table 4.4, it
can be seen that when the weighting factor w» is increasing, the average switching frequency
decreases rapidly at the cost of sightly larger voltage and current ripple. It follows that a trade-
off between switching frequency and voltage ripple can be achieved through manipulating the

weighting factor ws.
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Figure 4.7: The responses of v¢ and iy with switching frequency tuning (Simulation).
4.3.2 Comparison with Other Control Schemes

In this subsection, the proposed switching control approach is further compared with a tradi-
tional industry-standard PI-type controller tuned on the basis of a linearized averaged model

(averaged control scheme) [141]. Simulation results are shown in Figure 4.8.

The phase diagrams for both proposed method and PI controller are shown in Figure 4.9.
Obviously, the trajectory of the proposed method is more straightforward than PI controller
towards the origin which results in shorter transition period, no voltage overshoot, and lower
current ripple. In addition, the proposed method does not involve any complicated modulation,

and can be extended to DCM operation readily, thus simplifying the design and implementation.
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Figure 4.8: The responses of v¢ and i; under proposed method and a PI controller
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Figure 4.9: Phase diagrams of the proposed method and a PI controller.

4.4 Experiment Platform for Buck Converter Test

4.4.1 The Buck Stage

In order to test the proposed control algorithms on the buck converter, a prototype has been

designed and built. The PCB for the buck stage is shown in Figure 4.10. The parameters for the
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load

Diode

Output
Capacitor

MOSFET

Figure 4.10: Buck stage PCB board

buck stage are shown in Table 4.5. This design is based on the conventional design procedure in
[24].

Table 4.5: System parameters and component values

Parameter name Symbol Value
DC-Link Voltage Ve 20V(dc)
Nominal Output Voltage Vo 10V(dc)
Sampling Frequency fs 50kHz
Inductor L 616.3uH
Capacitor C 880uF
Load R 4.70hm(Q)

4.4.2 Current Measurement

For closed-loop control of the buck converter, the inductor current iy, needs to be measured.
Here, the LAH 25-NP current transducer, which has excellent accuracy, is employed. The PCB
board designed for the current sensor is shown in Figure 4.11. The accuracy of a sensor relates
to how closely the measurement value can be converted to the real value of the current. Hence,

the current sensor needs to be calibrated before use.
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Figure 4.11: Current measurement PCB board

Sensor Output
R Current Sensor i

Figure 4.12: Current calibration circuit

4.4.2.1 Current Calibration

The current sensor is used to measure the current of a simple circuit (Figure 4.12) whose current
can be calculated because the resistor value is known (R = 4.9Q) Then the voltage V. is changed
in a range and the corresponding sensor output voltage can be obtained, which is shown in Table
4.6. Hence, the data can be fitted with a linear interpolation shown in Figure 4.13. The measured

voltage output from the current sensor can be converted to a current value in unit of A by (4.56).

I =1.063Vep50r —0.0673 (4.56)
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Figure 4.13: Linear fitting of current sensor calibration

Table 4.6: Current calibration data

Vdc(V) I(A) Vsensor(V)
5 1.02 1.02

6 1.22 1.21
7 1.43 1.42
8 1.63 1.60
9 1.84 1.80

10 2.04 1.98
11 2.24 2.17
12 2.45 2.35
13 2.65 2.56
14 2.86 2.5

4.4.3 Voltage Measurement

The voltage across the Capacitor v¢ is measured by the voltage transducer LV25-P. The PCB
board designed for the voltage sensor is shown in Figure 4.14. The voltage sensor also needs to

be calibrated as the current sensor.

4.4.3.1 Voltage Sensor Calibration

The circuit used for voltage sensor calibration is shown in Figure 4.15. The voltage source in
the circuit is changed in a range and the sensor output voltage can be measured which is shown
in Table 4.7. Hence, the data can be fitted with a linear interpolation shown in Figure 4.16. The
measured voltage output from the voltage sensor can be converted to a voltage value in unit of
A by (4.57).

V =1.063Vens0r — 0.0673 4.57)
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Figure 4.14: Voltage measurement PCB board
ﬂ-l-_Vdc ::
Voltage Sensor Sensor Output
L =+
Figure 4.15: Voltage calibration circuit
Table 4.7: Voltage calibration data
Ve 5 6 7 8 9 10 11 12 13 14 15 16 17
Viensor | 1.23 | 1.48 | 1.71 | 1.99 | 2.23 | 2.48 | 2.72 | 2.96 | 3.21 | 3.45 | 3.69 | 3.93 | 4.17
Ve 18 19 20 21 22 23 24 25 26 27 28 29 30
Vsensor | 443 | 4.67 | 492 | 5.16 | 540 | 5.64 | 588 | 6.12 | 6.38 | 6.60 | 6.85 | 7.08 | 7.32
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Figure 4.16: Linear fitting of voltage sensor calibration

4.4.4 MOSFET Gate Drive

The key component of the buck converter is the MOSFET. A proper gate drive circuits is essen-
tial to guarantee the MOSFET’s switching behaviour. There are two task for the gate drive of
the buck converter.

e Convert the switching signal from the control platform to MOS level, which is suitable to
open and close MOSFET.

e Isolate the buck stage and the control platform, so when problems (short circuits, etc.)

happen in the buck stage, the control platform stays safe.

Hence, “TLP351” insolate the signal from the control platform and gate signal, then “SN74L.S07”
converts the switching signal to MOS level. The PCB board for the MOSFET gate drive is
shown in Figure 4.17 The whole buck converter system without control platform is shown in
Figure 4.18
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Figure 4.17: MOSFET drive board

Figure 4.18: Whole buck converter system without control platform
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4.5 Experimental Results

The proposed algorithms are implemented on the dSPACE MicroAutoBox(1401/1511) 2nd gen-
eration with built-in IBM PPC 750GL, 900 MHZ processor. In this section, both continuous
conduction mode (CCM) and discontinues conduction mode (DCM) are tested under different

operation conditions.

4.5.1 Start Up and Close Down Response

The start up and close down response of the output voltage v¢ is shown in Figure 4.19. The
buck converter is controlled to start up to a reference level and close down several times. As
we can see, the transition period is less than 10ms and there is no overshoot. A zoomed start up

response is shown in Figure 4.20.

12 T T T T T

Reference
vC (Experiment)

Ve (V)
(o)}
1

0 I I I I |
0 2 4 6 8 10 12

Time(Seconds)

Figure 4.19: The response of the output voltage v¢

4.5.2 Continuous Conduction Mode (CCM)

In this mode, the load is set as 4.90Q.
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Figure 4.20: The zoomed response of the output voltage v¢

Start-up response under different sampling frequency In this part, the switching controller
in Corollary 2 are solved for different sampling frequency. The tuning parameters are given as:
E=2x10"*p=1x10"%e=2k=1x10"% w; =1, w, = 0. The conditions (4.36)—(4.39)
are feasible for sampling frequency: f; = 10 kHz (B =1, ujp = 1.5, uip = 1.1), f; =20 kHz
B=1,up=15 ur=1.1), =40 kHz (B =1, w1 = 1.5, u» = 1.1). Figs. 4.21-4.23
show the experimental behavior of the system state under different sampling frequencies. One
can clearly observe that the proposed methods can be applicable to a wide sampling frequency

range and generate similar transition performance as shown in simulation results.

Reference tracking As we claimed in Corollary 2, the proposed switching controller is solved
for VA € [0,1] , which means that the switching controller is able to drive the converter to track
different reference point x.. In the part, the sampling frequency is 10 kHz with parameters
E=2x104p=1x10"%e=2,k=1x10* wi=1,wy=0,B=1, =15, up=1.1.
As pointed out previously, the controller is robust to the change of the reference points as shown
in Figure 4.24. Both the capacitor voltage and the inductor current have been controlled to track

the corresponding reference effectively.

Switching frequency tuning As we proposed, the average switching frequency can be opti-

mized by tuning a set of weighting factors. It gives more flexility for the balance between the
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Figure 4.22: The responses of v¢ and iy, (f; = 20 kHz, CCM)

voltage ripple and switching frequency. This is also verified in the real experiment. A high sam-
pling frequency 40kHz is used to solve the switching controller in Corollary 2 with parameters
E=2x10"4p=1x10"4e=2,k=1x10*  wi=1,wy=0,B=1, =15 pup=1.1.
The result is shown in Figure 4.25. As we can see, as wy is increasing, the average switching
frequency decreased rapidly but the voltage ripple just increases slightly.
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Figure 4.24: The responses of v¢ and iy, to different reference points (CCM mode).
4.5.3 Discontinuous Conduction Mode (DCM)

In this mode, the load is set as 30Q2 and sampling frequency is fixed as 40 kHz. The parameters
that is used to solve the switching controller ¢ (x(k)) in Corollary 2 are £ =2 x 1073, p =
1x107% e=2,k=1x10"* w; =1,wy; =0, B =1, o = 1.3, uy = 1.2. The start-up response
is shown in Figure 4.26. One can easily notice that the inductor current iy, is discontinuous. The
transition time is around 10ms and no overshoot is presented for the output voltage. Furthermore,
the converter is also controlled to track different reference points by the proposed switching
controller as depicted in Figure 4.27. The output voltage is controlled to several voltage level:
16V, 12V, 10V, 8V, 2V with similar transition period and no overshoot. From Figure 4.28,
it can be seen that when increasing the weighting factor w,, the average switching frequency
decreases as well as the ripple of the output voltage and inductor current. This behaviour is
similar to CCM mode.
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4.6 Summary

In this chapter, the DC-DC power electronics converters are considered to be controlled by a
digital controller. A sampled-data switched model is established to describe the closed-loop
dynamics. Our goal is to design a switching controller with guaranteed closed-loop stability in
the entire state-space for varying reference points. In order to address the issue of time delay
in switching signal generation, an online state prediction is introduced such that the switching
signal is computed one period before its implementation. Comparing with the existing results,

the main contributions of this chapter are summarized as:

1. The proposed sampled-data switched model captures full-time information instead of a
discrete-time model without the inter-sample behaviour of the power electronics convert-

ers, and the switching controller can be implemented easily with digital devices.

2. The designed controller is able to track changing reference signals without re-design, and

this is guaranteed theoretically.
3. Switching frequency can be adjusted online without losing closed-loop stability.

4. The parameters of the switching controller is calculated offline, thus significantly reducing

the online computation burden.

5. CCM and DCM operations can be treated in a unified approach.



Chapter 5

Output Feedback Switching Control
Using Multiple Sampling

5.1 Problem Formulation

5.1.1 Switched Models for Different DC-DC Topologies

The circuit topologies for a series of DC-DC converters (Buck, Boost, Buck_Boost and Cuk) are
shown in Figure 5.1a- Figure 5.1d. The function of the converter is to convert the unregulated
DC source V, to a regulated DC output level with satisfactory performance and robustness. For
all the topologies: V, is a DC voltage source; D is a diode; L is the inductance of a inductor; C is
the capacitance of a capacitor; and R represents a resistive load. The two key components for the
converter are the power semiconductor Sy (MOSFET, IGBT, or else), which can be modelled

as an ideal switch, and the diode D.

The behaviour of the power semiconductor Sy is controlled by a switching signal o taking
values from a set [0,00) — E = {1,2} , where 1 and 2 represent “on” and “off” of the switch,
respectively. Restricted by the design limit of the power semiconductor, the switch frequency
must be upper bounded. Hence, a dwell period is defined as 7;. During the dwell period,
the switching signal ¢ keeps constant. The sampling period 7 is equal or less than the dwell
period, which mean during dwell period the system output state will be sampled equal or more

than once.

For brevity, it is assumed that the converter is always operated in the continuous conduc-
tion mode (CCM). Hence, the converter has two switching modes due to the action of the switch
Sw: ON mode and OFF mode. For each mode, the converter can be described by a differen-
tial equation. According to the switched systems theory, all these converters can be described

as a uniform affine continuous state-space equations (5.1), where x(¢) € R™1! As € R¥™ and

79
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Figure 5.1: Topologies for different DC-DC Converters

By € R™!. The only difference is the state matrixes A5, Bs. The corresponding state matrices

b in Table 5.1.
can be seen in Table #(t) = Agx(t) + Bg (5.1

Due to the affine terms and state-dependent switching, the equilibrium for the switched
model (5.1) is designable. However, there is a trivial null equilibrium for the model but it is
not what we need. The desired switched equilibrium x, can be obtained by taking the convex

combination of two subsystems.
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Table 5.1: State matrices of switched model for different topologies

Topologies Ag Bs
o -1 A
L C T&e L 0
Buck Converter o 1L " o
Ay = | i ] Br=1, ]
L C ~RC L
[0 0 Ve 7
L0 —=&e 0]
Boost Converter o 1L Ve
A= 1 ] By = (L)
L C RC _
[0 0 Ve ]
Buck_Boost Converter L RC L ]
[0 —1 0
A=11 _1 By=1
L C RC L
00 0 0 [ ¥ ]
0o 0o —L - 0
R
q 1 0
0 =~ 0 —%= | 0 |
Cuk Converters -G ke
0 0 —+ Ve
L 1 I
e Bl
Ci 1 1 0
L0 & 0 e L 0

Consider a simplex

2
Fz{[%,n],%>0,2%=1} (5.2)
i
The convex combinations of state matrices are defined as

2 2
AY:Z%’AI' BV:Z%Bi n,plel

There exists a set of attainable switched equilibria

Xe={x.:x.=—A,'By, V[n,p] €T} (5.3)

The proposed switching controller will drive the system to any desirable switched equilib-

rium x, in the sex X, from any initial condition. In real practice, the equilibriums of the DC-DC
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converters should be non-zero. In order to apply the Lyapunov theory to design the controller,
the non-zero equilibrium needs to be shifted to the original point. To this end, we define an error

state as e(t) = x(t) —x, € R"*!. Then the switched error system can be described by:
é(t) =Age(t) +Bs, Vt€[kk+1) (5.4)

A 2 A
where B; = Aix, +B; € R Vi € E, for which ¥ %8; = 0.
5.2 A Discrete Model Under Multiple Sampling

A more realistic situation for power converter implementation is that the state is not fully ac-
cessible due to various reasons, e.g., hardware, cost, and reliability. It is meaningful to design a
controller based on the known dynamic model and limited measurement. Herein, it is assumed
that the accessible state can be described by y(¢) € R™*! (m is number of the measured state,
and m < n) and

¥(1) = Ceft) (5.5)

In this chapter, we would like to seek a quadratic partition [142] based on the output only
to construct switching laws. However, it is not easy to obtain a feasible partition for an output
with limited dimension (m < n) because y(¢) provides limited information of the state. To tackle
this issue, a novel multiple sampling scheme inspired by [143] is used here to acquire more

information.

Figure 5.2: Multiple sampling technique (h = 3,m = 1)

For brevity, we assume that the dwell period Ty is & times of the sampling period 7 (T; =
hTy). Hence, during one dwell period, the output y(¢) is sampled A times at every kT, kT, + Ty,
kT 42Ty, ..., kT;+ (h—1)T;. For example, the sampling and switching behaviors for 2 = 3 and
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m = 1 are shown in Figure 5.2. The switching signal keeps constant during each dwell period

T, and the output y(¢) is sampled three times before the next dwell period.

Hence,

y(kTy) = Ce(kTy)
y(kTy +T;) = Ce(kTy + Ty)

(5.6)
YKTy + (h—1)T;) = Ce(KTy + (h— 1)Ty)
The solution of (5.4) during [kTy, (k+ 1)Ty) is
e(kTy+1t) = ®(t)e(kTy) + / tq)(s)dsl% (5.7
0
where ®(1) = exp{Ast}.
Hence,
y(kTq) = Ce(kTy)
YTy +T;) = Ce(kTy+Ty)
T,
— CD(T,)e(KTy) +C / ®(s)dsBo
0
y(kTy+(h=1)T;) = Ce(kTy+(h—1)T;)
— CO((h— )T)elkTy)
(h_l)Tr @ N
+C/O (8)dsBg
(5.8)

Define an augmented output

y(kTy)

y(de + Tv)

)—;(k) A e g{hmxl

y(kTy; + (‘h* 1)Ty)
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Then, simple algebraic manipulation gives

C 0
CD(T, C L ®(s)dsBs
5(k) = ( Do ew| P ( )
Cd((h—1)T;) C JIT o (5)dsBo

With this, a discrete model under multiple sampling can be obtained:

e(k+1) =Age(k)+ By (5.9)
y(k) = Cse(k) + Dg (5.10)
where
B T
As =D(Ty) Bs = / ®(s)dsBs
0
C 0
CO(T, _ C [Fd(s)dsBs
Cc == ( ) Do- = fO (S> S
Cod((h—1)T,) C JVT (5)dsBo

Remark 5.1. Itis stressed here that for output-feedback control, one should distinguish the dwell
period T, and sampling period 7;. For the switched affine system considered in this chapter, the
switching signal only update after each dwell period. Hence, the switched error state model

should be discretized based on the dwell period (7y) rather than the sampling period (7).

5.3 Stabilization

In this section, a quadratic partition based on the augmented output y(k) is proposed as:

Qi £ {5(k)|x: £ 5" (K)Qu3(k) + Qp3(K) +5" (k)0 + Qi3 > 0} (5.11)
where Vi € E, ;1 = Q}) € R 0 € Rim1 and Qi3 € R,

The idea is that the state-space would be separated as different regions €2; by the partition
and the subsystem of (5.9) is active only if the system state is in the corresponding region. A
similar largest region function strategy as in [142] is adopted here to generate the switching

signal:

o =arg (ma_x x,-) (5.12)
ex
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By well-designed partitions, the error system will converge to the origin from any initial
condition under the switching signal 6. To be specific, a desirable partition should fulfill the

following conditions based on the theory of multiple Lyapunov functions [144] [145]:
1. An quadratic function V;(e) = e’ (k)Pe(k) (P = PI') measuring the energy of each sub-
system is positive-definite in region ;.
2. The function V;(e) is decreasing when inside the region Q;.

3. When changing region (for example: from Q; to € ), the energy doesn’t increase, that is,
Vi(e) <Vi(e)
4. The partition covers the full state-space, that is,
Q) U92 =R"

Before proceeding, we present a technical lemma, which will be used frequently later.

Lemma 5.2. (Finsler’s Lemma [146]): Let 7 € R", P = PT € R™" and H € R™" such that

rank(H) = r < n. The following statement are equivalent.

1. ZTPz <0, forall z#0, Hz = 0;

2. 3X € RV such that P+XH +HTXT <0

Then a sufficient condition for stability of the switched error system (5.9) under the pro-
posed switching law is given in the following theorem.
Theorem 5.3. If there exist symmetric matrices P, Q;|, matrices E;, G;, F;, Ejj, G;j, and F;;,
vector Qp, scalars Qp, o, B, Ni, pi, 6, 6ij, i, @, where i,j € &, i # j, such that matrices

inequalities (5.13)-(5.17) hold, then the switched error system (5.9) under the switching law
(5.12) is stable.

ol — Pi+n,C! 01 G i (CI' QuDi+CT Qi) <0 (5.13)
* ni (DI QuD;i+ DI Qi+ 0LD;i+05) | ~
P, —BI+piCl 01 Ci pi (CT 0uDi+CT Q) <0 (5.14)
* pi (D] Qi1Di+ D] Qin + QLD+ Qi3) |~
[ P—E —ET EA;—GT EB;—FT
* —P+ 0l +GiAi + Al GI +6,C] 0 C; GiBi+ Al Fl' +6,(Cl 0D +C Qi)
i * * FiBi+ B! F" + 6, (D] 011D+ D] Qin + QL Di + 0:3)
(5.15)
Pj—P,—E;j—EL _ _ _ o
( 0,67 0Cr Eijhi =G} i~ +6, (€T 0Dy + €l 0p)
GijA; +Al G 5. aT T AT . 7. 4 AT
’ ( +9iiC_‘iTQIi1C_:] GijBi +A7 Fj + 0ii (G QnDi+C{ Qi)
§ i} < FjBi+ Bl F; + 6;; <DiTleDi+DiTQj2+QJT21_)i+Qj3)
L +6ii (D] 0i1Di+ D} 0p + QLD+ 0i3)

(5.16)

<0

).

<0
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+ >0 (5.17)

o O On
*  Op

01 QOp
*  0Oj3

Proof. In the following, we show that the four conditions aforementioned are satisfied.
Condition 1) is satisfied if
aille(k)[[* < Vile(k)) < Bille(k)||” (5.18)
holds for all (k) € Q;.
Applying the S-procedure [147], this is equivalent to the following inequalities:

aie’ (k)Ie(k) — e! (k)Pe(k)

+ (5" (k) Qi3 (k) + QL(k) + 5" (k) Qi + Qi3) < 0 (5.19)
el (k)Pe(k) — Bie® (k)Ie(k)
+ i7" (k)Qiny(k) + Qhy(k) + 3" (k)Qin + Q13) <0 (5.20)

Define & (k) = [e” (k) 1] o= min{¢;}, and B = max{f;}. Then inequalities (5.19) and
(5.20) are equivalent to (5.13) and (5.14) respectively after substituting equation (5.10).

Condition 2) is satisfied if
AVi(e(k)) = Vi(e(k+1)) =V (e(k)) < —vlle(k)|I? (5.21)
for all (k) € Q; and e(k+ 1) = A;e(k) + B;, during [k,k+1).
Letz(k+1)=[el(k+1) el (k) ]I, H=| —I A; B; ];then

Hz(k+1)=0 (5.22)

With this notation, the above condition becomes:
Z(k+1)Pz(k+1) <0 (5.23)
for all y(k) € Q; and z(k + 1) satisfying (5.22), where

P 0 0
P=| x —P+4+vl 0

* * 0
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Furthermore, let X = [E] GT FT]T. Applying the Finsler’s Lemma, (5.23) is equivalent to:
P+XH+H'X" <0 (5.29)
for some X and all (k) € Q;.
Using equation (5.10), (k) € €, is equivalent to
M (k) Az(k) >0 (5.25)

where
0 0 0

A= x CToaG Cr0iD;+C] 0n
* * D! 01D+ D! Qi+ 0LDi+ 033

Applying the S-procedure yields that (5.24) and (5.25) hold if (5.15) holds.

Condition 3) holds if
el (k)(Pj—P)e(k) <0 (5.26)

for y(k) € Qj, y(k—1) € Q;.

This condition is further equivalent to:

A

27 (k)Pz(k) < 0 (5.27)

for y(k—1) € ©; and y(k) € Q;, and z(k) satisfying (5.22), where

Pi—P 0 0
P= * 00
* * 0

Furthermore, let X = [E; Gl-Tj FUT]T Applying the Finsler’s Lemma, (5.27) is equivalent to:

P+XH+H"X" <0 (5.28)
for some X and
2L (k) Aiz(k) > 0 (5.29)
where
0 0 0
Ai=| x CTouGC Cl0uD;i+Cl 0

* * DI 0uD;+ D! Qn+0LD;+ 0

2 (k)Ajz(k) >0 (5.30)
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where B ) } o
CrjC 0 Cl 0jiDi+Cl 0n
Aj = * 0 0
* + D[ QD+ D] Qjn+00Di+ 0

Applying the S-procedure yields that (5.28), (5.29), and (5.30) hold if (5.16) holds.

4) The covering condition can be proved by contradiction. Assume that there is an output
y(k) does not belong to any Q;, i.e.,

5" (k) [ Qn Qo ]y‘(k) <0 (5.31)
*  On

Multiplying positive constants @; and summing up, we have:

T O On
w1y (k)! < O

021 02
x 0

(k) + 3" (k) [ ] (k) <0
which contradicts condition (5.17). Hence if (5.17) is satisfied, the regions Q; cover the whole

state-space. O

Remark 5.4. The online implement procedure is shown in Figure 5.3. For each dwell period
([kTy, (k+1)Ty)), it can be divided into two part. During [kTy,kT; + (h — 1)T;], the multiple
sampling technique is applied, and the augment output y(k) can be obtained. Then during (kT +
(h— 1Ty, (k4 1)Ty) period, the switch signal is computed. At the end of this dwell period, the

switching signal is updated.
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Figure 5.3: Flowchart of the proposed output feedback control
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5.4 Simulation Results

Simulation results are shown below to illustrate the performance of the designed switching con-
trollers on the buck converter (Figure 5.1a) and the Cuk converters (Figure 5.1d). The simula-

tions are conducted using Matlab.

5.4.1 Buck Converter

The parameters for the buck converter are: V, = 30V, L = 60mH, C = 880urF, R = 5Q. The
sampling frequency f = 10kHz, hence, T; = 1/ f. The equilibrium is set as x, = [13.516 2.705].

5.4.1.1 State Feedback Control

For the first case, if both inductor current iy and capacitor voltage v, can be measured and the
dwell time 7j is equal to the sampling period 7, it becomes a state feedback control problem
(m=2,h =1). According to Theorem 5.3, if the matrices conditions ((5.13)-(5.17)) can be
satisfied, the state feedback switching law o = arg(max xi) can be applied to the buck converter.
After griding up all the unknown scalars in Theorem 5.3, the matrices conditions become a LMI
problem which can be solved by Matlab LMI toolbox. The precalculation is done off-line. Then,

a state-space partition based on e(k) is obtained as follow:

xi = {e(k)|e’ (k)Que(k) + Qhe(k) + e’ (k)Qin+ Qi >0} i=1,2 (5.32)
where
01— [ 025423 0.25601 0u1 [ 025431 —0.25609
YT 025601 025791 “7] —025609 025799
0 — [ 2726 00— [ —2.726
2= | 27343 2 | 2.7343
013 = | 0.14709 ] 0» = | —0.010578 ]

Hence, the responses of the output voltage v¢ and inductor current i;, are shown in Fig-
ure 5.4.

5.4.1.2 Output feedback control

It is assumed that only the inductor current i; can be measured. The sampling period is fixed
(T; = 1/f). When h > 1, as defined above, the dwell time is T; = hT;. In each dwell period, the
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inductor current is sampled /4 times. For brevity, we only compare the results when 7 = 1,2,3,4.

Hence, the partition based on the augmented output y(k) is as follow:

xi = {3(K)[5" (k) Quy(k) + QhLy(k) + 5" (k)Qn + O >0} (5.33)

where

1. m=1,h=1: Dwell time 7; = 2T;
The BMI problem is infeasible.

2. m=1,h=2: Dwell time T; = 27T;

0 [ =s12.6000  514.2500 [ 5140400 —515.7000
" 514.0500  —515.9200 7 25157000 517.3700

0 — | 513.5800 00— [ —513.5700
27 513.9600 27| 513.9600

013 = | 27986 | Qs = | ~0.2008 |

3. m=1,h=3: Dwell time 7; = 37}

30.5950 —61.0250 30.4300
011 =10%| —61.0250 121.7200 —60.6940
30.4300 —60.6940 30.2630

30.0580 —60.7530 30.6970
021 =10% | —60.7530 122.7900 —62.0380
30.6970 —62.0380 31.3430

—155.3400 155.3400
01, =10°| 311.8900 02 =10° | —311.8900
—156.5600 156.5500

013 = 10° [ 7.7602 } O3 = 10° [ —1.0004 }
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4. m=1,h =4: Dwell time T; = 4T;

[ 52.8310 —70.2830 —18.8240 36.4290 |
o1 — 108 —70.2830 121.9300 —32.0280 —20.0790
e —18.8240 —32.0280 121.2500 —69.9470
| 364290 —20.0790 —69.9470 53.4460 |
[ 533790 —70.1290 —20.0260 36.6250 |
0s1 — 105 ~70.1290 120.6500 —30.8590 —19.2110
S ~20.0260 —30.8590 122.1200 —71.6930
| 36.6250 192110 —71.6930 54.4300 |
[ —198.2000 |
o — 10° 199.3600
2= 198.2000
| —199.3700 |
[ 198.2000 ]
~199.3600
=10°
Q2 —198.2000
| 199.3600 |

Q13 = 103[ 10.8690 }

0 = 103[ —1.6963 ]

Therefore, we can follow the online implementation procedure as Figure 5.3. Even if only

the inductor current is sampled, the responses of both inductor current i; and capacitor voltage

vc are drawn in Figure 5.5, and the above state feedback control results are also included. After

observing zoomed results in the steady part (Figure 5.6), it can be seen that:

e Under single sampling, a state-feedback controller can be found using the proposed ap-

proach, while an output-feedback one cannot. If the multiple sampling technique is ap-

plied, then the output-feedback case becomes feasible.

When the dwell time T; = 27, the responses of the buck converter are exactly same
between output feedback control and state feedback control. The difference is that the
inductor current i; has been sampled twice during each dwell time under output feed-
back control, but for state feedback control, the inductor current and capacitor voltage are

sampled only at the beginning of each dwell time.

When the dwell time is increased to 37 and 47y, the inductor current can be sampled three
times and four times respectively. The transition performance with different samplings
are quite similar. The only difference is that the ripple is slightly larger when sampling
times increase. However, the extended dwell period results in a lower average switching

frequency, which can improve the energy efficiency (higher priority in converter design)
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because more power is lost in the switching mode than the conduction mode for the power

semiconductor.

5.4.1.3 Comparison with other control schemes

In this subsection, the proposed output feedback control approach (m = 1,h = 2) is also com-
pared with the traditional industry-standard PI-type controller tuned on the basis of a linearized
averaged model (averaged control scheme) [141] , the MPC controller in Charpter 3.2 and the
prediction based sampling-data controller in Charpter 4. For MPC controller, the prediction
horizon has been set to 1 step and 2 step. Simulation results are shown in Figure 5.7. Because
for the buck converter, people are always concerned more about the voltage output, for brevity,
only the response of the capacitor voltage is compared. It should be stressed that the sampling
frequency has been set as 10kHz. We tried to compare the performance of different controllers

under relative low switching frequency.

e Both the proposed output feedback controller and the controller in Charpter 4 have ex-
cellent transition performance with no overshoot. The transition period are longest and

overshoot is largest for the PI controller.

o In steady state, the ripple of the proposed output feedback controller, the MPC controllers
and the PI controller are almost same. However, the output voltage has larger ripple under
the controller of Charter 4, which is different from the performance under high sampling

and switching frequency.
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Figure 5.4: The responses of v¢ and iy, under state feedback control (Buck converter)
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Figure 5.5: The responses of v¢ and iy under output feedback control (Buck converter)
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Figure 5.6: The zoomed responses of v¢ and iy under output feedback control(Buck
converter)
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Figure 5.7: The response of v¢ and zoomed under different control scheme (Buck
converter)
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5.4.2 Cuk Converter

The parameters for the Cuk converters are: Vo =25V, L = 1mH, L, = 2mH, C; = 100uF,
C, = 1mF, R = 3Q. The sampling frequency f = 100kHz, hence, Ty = 1/f. The equilibrium
is set as x, = [17.50 —12.00 62.5 —36.00]” . The same technique has been used to solve the
BMIs, that is , gridding up the unknown scalars in Theorem 5.3 and solving the corresponding
LMI problem.

5.4.2.1 State Feedback Control

Firstly, we assume the full state [iz;,i2, Vel ,vcz]T is measured. The dwell time T = T;. Hence,
it is a state feedback control problem (m =4,h = 1). A feasible solution has been obtained. The

parameters for the partition (5.11) based on error state e(k) are as follow:

[ 0 00116 00087 00162
0, | 00116 ~00043 —00057 ~00311
"] 0.0087 —0.0057 0.0067 —0.0296
00162 —0.0311 —0.0296 0.0832
[ 0.0774 —0.0975 —0.0204 0.0278
0u_ | 700975 01359 00200 —0.0397
7 200204 00200 —0.0077  0.0313
| 00278 —0.0397 0.0313  0.0728
[ —4.9080 7.1887
5.4124 —7.8609
Qi = On =
2.7602 —4.0688
—1.5358 2.4948
Q13=[0.1573} Q23=[0.1573}

Therefore, the state feedback switching controller ¢ = arg(max ;) can be implemented on the
ex

Cuk converters.

5.4.2.2 Output feedback control

In this subsection, we assume that only the two inductor current iy; and iy can be measured.
The sampling period is fixed (7; = 1/f). When h > 1, as defined above, the dwell time T; = hTj.
In each dwell period, both inductor currents are sampled 4 times. Here, we only compare the

results when & = 1,2,3. The measured output:

y(k) = Ce(k)
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Output-feedback controller (m=2,h=3)
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Figure 5.8: The response of v¢; for the Cuk converters under output feedback control

1000
C:
[0100]

where

Hence, the augmented output:

ylk] = { y(k) } forh=1

; y(k) B
VK] = Yk+T)) forh=2
y(k)
Sk = | y(k+Ty) | forh=3
y(k+2Ty)

Based on the corresponding augmented output y(k), the partition is as follow:
% = {5W0)[5" (k)Qa3(k) + Qo3 (k) + 5" (k) Qi + Qi3 > 0}

where

1. m=2, h=1: Dwell time T; = T;
The BMI problem is infeasible.

(5.34)
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Figure 5.9: Zoomed of the response of v¢ for the Cuk converters under output feed-
back control

2. m=2, h=2: Dwell time 7; = 27}

[ 17732 —0.1953 —1.7826 0.1796 |
o1 106 | 01953 11332 06999 —1.6548
e ~1.7826 —0.6999 17818  0.7137
| 01796 —1.6548 07137 2.1776 |
[ —0.8097 0.1942 08160 —0.1863 |
0u 106 | 01942 01677 07065 0.6882
S 08160 0.7065 —0.8121 —0.7125
| 0.1863 0.6882 —0.7125 —1.2099
[ 6.4448 —6.4448
—0.0262 0.0262
=10° =10°
Q2 —6.4657 Q22 6.4657
| —0.0262 0.0262
013 = 106[ 1.3902 ] O — 106[ 0.5427 }

3. m=2, h=3: Dwell time 7; = 37T}
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[ 41802 0.0235 —2.4665 —0.0711 —3.1336 0.0296 |
0.0235 —0.1338 0.0218 0.3314 —0.0353 —0.1518
o _ 107 | ~24665 00218 13506  0.0041 39387 00101
—0.0711 03314  0.0041 —0.7913 0.0469  0.3681
~3.1336 —0.0353 3.9387  0.0469 —2.2081 —0.0296
| 00296 —0.1518 0.0101 03681 —0.0296 —0.1704
[ 3.8800 —0.0235 23148 0.0711 2.9851 —0.0296 |
~0.0235 0.2095 —0.0218 —0.4830 0.0353  0.2276
0y _ 17| 23148 00218 —1.0471 —0.0041 —4.0904 —0.0101
0.0711 —0.4830 —0.0041 1.0947 —0.0469 —0.5198
29851  0.0353 —4.0904 —0.0469 2.5083  0.0296
| -0.0296 0.2276 —0.0101 —0.5198 0.0296 0.2463 |
[ —2.5404 ] [ 2.5441 ]
—0.0354 0.0354
o108 | 31173 0m 10| 317
0.0708 ~0.0708
~2.5774 2.5738
| —0.0354 | | 0.0354 |
O3 = 105[ 31568 } O — 105[ 5.0805 }

Therefore, we can follow the online implementation procedure as Figure 5.3. Because
for DC-DC Cuk converters the output voltage v¢» is the state to be controlled, for brevity, we
only present the response of v, under the two designed output feedback controllers and state

feedback controller above as shown in Figure 5.8 and Figure 5.9. In Table 5.2, these proposed

Table 5.2: Results under different operation conditions

State Output
feedback feedback

m 4 2

h 1 1 2 3

fs 100kHz | 100kHz | 100kHz | 100kHz

T 10ns 10ns 10ns 10ns

T, 10ns 10ns 20ns 30ns

Feasibility Vv X vV Vv

Output 4mV N/A omV 77mV
Ripple (0.01%) (0.03%) | (0.21%)

controllers are compared from several aspects:



102 Chapter 5 Output Feedback Switching Control Using Multiple Sampling

— PI controller
State—feedback controller
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Figure 5.10: The responses of v, under the proposed controller and a PI controller

1. Under single sampling, a state-feedback controller can be found using the proposed ap-
proach, while an output-feedback one cannot. If the multiple sampling technique is ap-

plied, then the output-feedback case becomes feasible.

2. If the sampling period T; is fixed, the dwell period 7; can be longer by sampling three-
times (m = 2,h = 3) than twice (m = 2,h = 2). The transition performance with different
samplings are quite similar as shown in Figure 5.8. The only difference is that the ripple
for h = 3 is slightly larger than that for # = 2. The increase in ripple is still acceptable as
the most industrial standards require only that the ripple is less than 1% [148]. However,
the extended dwell period results in a lower switching frequency, which can improve the
energy efficiency (higher priority in converter design) because more power is lost in the

switching mode than the conduction mode for the power semiconductor.

5.4.2.3 Comparison Between the Proposed Method and PI Controller

In this section, the proposed method (m = 4,h = 1) is further compared with a PI controller from
[148]. The PI controller is based on a conventional small-signal model. The responses of vc,
under both controllers are shown in Figure 5.10. It can be seen that the proposed method shows
better transition performance over the PI controller. What’s more, there is no systematic method

that can guide the tuning procedure of the PI controller for this 4/ order system.
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5.5 Summary

It is easy to know that the nature of the control scheme developed in Chapter 4 is to parti-
tion the state-space into different regions in a specific way that is based on the fastest decrease
direction of the Lypanouv function. A specific switching signal will be generated to activate
the corresponding mode when the current state enters each region. The switching law is state-
dependent, which requires the full state is measurable. In this Chapter, to compensate the in-
formation loss due to limited access to the state, a multiple sampling scheme is employed to
derive a discrete-time switched affine model with an augmented measurement output. Based
on the model, an output-feedback switching control law, which drives the system state to a set
of attainable switched equilibria, is synthesized by using a quadratic state-space partition. The
multiple sampling scheme not only facilitates the controller synthesis, but also improves the
energy efficiency of the converter by allowing a lower switching frequency. Numerical exam-
ples and simulations are provided to demonstrate the effectiveness and merits of the proposed

approach.
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Chapter 6

Switching Control of Grid-Connected
Three-Phase DC-AC Inverters

In the first Part of this thesis, hybrid modelling and switching control techniques have been
proposed for the DC-DC converters. In this chapter, these technique will be extended to a more
complicated case:a three-phase grid-connected DC-AC inverter. The main difficulty to this kind

of extension are:

e There are six power switches for a three-phase inverter. Hence, there are eight possible

switching states, while DC-DC converters normally only have two switching states.

e In term of current control, the currents of the three-phase inverter are controlled to track
three-phase sinusoidal signals, which is not a constant equilibrium any more, making the

control more complicated.

e For grid-connected inverters, the active and reactive power delivered to the grid need to

be controlled in order to minimise the negative impact on the grid stability.

6.1 Hybrid Modelling of DC-AC Inverters

In this chapter, the three-phase grid-connected inverter shown in Figure 6.1 is modelled as a hy-
brid model. The main contribution of this chapter is that, based on the Lyapunov stability theory,
a novel switching current control law is designed to drive the grid currents to track the current
references. Similar control techniques were proposed for DC-DC converters [149][139][150].
However, the problem in this chapter differs considerably from [149][139][150] due to the non-
linearity of the reference signal and the grid, and the number of power switches. The proposed
switching control law designed by solving a set of linear matrix inequalities guarantees the sta-

bility of the closed-loop system [151]. Another advantage of the proposed approach is that the

107
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switching law coefficients can be calculated off-line, which results in a very light online compu-
tation burden. Simulation results are presented to demonstrate the performance and robustness

of the current controller.

Three Phase DC-AC Inverter Grid Side

A
S S S
g b g L
A
Vdc _ N B
VaO C
V
_E} _k & bOg
Sa2 Sp2t-| Sc2
T (1]

Figure 6.1: Three-phase grid-connected inverter

As shown in Figure 6.1, a three-phase DC-AC inverter, which is connected to the grid via
an L-filter, is under consideration. R is the filter resistance, and L is the filter inductance. ¢,, ¢,
and e, are the three-phase grid voltage. V,0, V0 and Vo are the phase to neutral (O) voltage of
the inverter. Each phase, which consists of two IGBTs (Sy1, Sx2, x = A/B/C), has two possible
states. The operation of each IGBT for two states is defined in Table 6.1.

Table 6.1: State definition for each Phase

Phase State P 0]
S ON | OFF
So OFF | ON

Table 6.2: Switching modes and voltage vectors

Index Vo Vg
1 0 0
Ve 0

%Vdc ﬁvdc

ST OO0 v Vo
TO O TT VOO
% v vO O OoN
0O &N Lt AW

I

S

o
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For simplicity, the output voltages of the inverter are expressed as a voltage vector in of3

coordinates by following transformation [88]:

where

6.1

Considering all the possible combination of the three phases, eight switching modes and

corresponding voltage vectors are shown in Table 6.2. And the vector diagram is shown in

Figure 6.2.

With the assumption that the filter and grid are balanced, the phase currents and the grid

voltages also can be transformed into @3 coordinates.

. lg
la
=1 =g | W
lﬁ .
i | e
- ea
€o
e = g o eb
Eﬁ ﬁ
i | e

The current dynamic can be described as

di .
L—+Ri+te=v.
dt

(6.2)

(6.3)

(6.4)

If we define the system state as x(t) = [i¢ ig] and define G : [—o0,00) — & = {1,2,...,8} as

a piecewise constant function, which is a mapping from the state-space to the index of the active

voltage vector, a hybrid model of the inverter can be established as
X(t) = Ax(t) + B,

where

(6.5)
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Figure 6.2: Voltage vectors in o3 coordinates

6.2 Current Control Law Design

6.2.1 Online Implementation

Before presenting the control design, we give the entire system architecture in Figure 6.3. The
current reference is generated based on the desired active and reactive power to regulate the
power factor. The three-phase grid currents and grid voltages are measured. Then the mea-
sured grid currents and grid voltages are converted to o f3-frame respectively. These measured
data along with the current references are transmitted to the switching current controller which

determines the switching signals of the IGBTs.

6.2.2 Current Reference Generation

The objective of the current controller is to drive the grid current tracking a current reference

i =i iE]T. If we assume the grid current iq, ig and the grid voltage eq, eg are measurable, the
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Figure 6.3: Setup of the grid-connected inverter

instantaneous active and reactive powers delivered to the grid can be calculated via [152]

P:iaea‘i‘iBEﬁ (66)
Q=igeq —igep. (6.7)

By inverting (6.6) and (6.7), the current references can be generated based on desired active

and reactive powers P*, O* supplied to the grid

. Pleq—0%p

i 6.8
« e, —i—e% ©.8)
" P*eﬁ +Q%eq

A ©9)

B



112 Chapter 6 Switching Control of Grid-Connected Three-Phase DC-AC Inverters

6.2.3 Stabilization of the Error System

If the tracking error is defined as €(¢) = x(¢) —i", the tracking error system is
£(t) =Ae(t) +Bs (6.10)

where

Hence, the proposed current controller is expected to stabilize the tracking error £(7) to the
origin. The following theorem states that under some conditions the designed switching control
law will drive the error system (6.10) to track the current reference with guaranteed closed-loop

stability.

Theorem 6.1. Define A = [A,A2,...,A5]7 belongs to the set A composed by all non-negative
vectors such that Zf-g:l Ai = 1. Consider the error system (6.10) and given matrix Q > 0, if there
exists matrix M > Q0 and A € A, i € &, such that

ATM+MA+Q <0 (6.11)
Ag,+B, =0 (6.12)
where
A 8 A
By =) A (6.13)
i=1
then under the switching law
o(e) = argmine’ (t)MB; (6.14)
IS

the error system (6.10) is asymptotically stable.

Proof. Consider a Lyapunov functional

V(e(t)) =e" (r)Me(r). (6.15)

Then along the solution of (6.10), the derivative of the chosen Lyapunov functional can be

calculated:

V(e(t)) =& (t)Me(t) + €7 (1)Me(r)
= (Ae(t)+Bs) Me(t) + €T (1) M(Ae(t) + By)
=&l (t)(ATM + MA)e(t) +2€" (1)MBs.
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Under the switching law (6.14),
V(e(t)) = min [e" (t)(A"M +MA)e(t) +2¢" (t)MB]
ex

— min [¢7 (1) (A" M+ MA + Q)e(1) +2¢" (t)MB,]

IS0

— el (nQe(1). (6.16)

According to the result of [139], the proof continues:
V(e(t)) = Ilnilr\l [e"(1)(ATM + MA+ Q)e(t) +2¢" (1)MB, |
€

— el (1)Qe(r). (6.17)

Since the equilibrium of the error system €, = 0 and the conditions (6.11)(6.12),

V(e(r) = IgleilAl[ET(f)(ATMJrMAJr Q)e(t)

+2€7(¢)(MAe, +MBy)] — €7 (1) Qe(1)
< —el(1)Qe(r) (6.18)

Hence based on the switched Lyapunov theory, the error system (6.10) is asymptotically
stable under the switching law (6.14). ]

Since the state matrix A is Hurwitz , a positive definite matrix M exists that condition (6.11)
satisfied. Next, it will be shown that there always exists A € A such that the condition (6.12) is
fulfilled.

PR B di*
Ae+By =By = (Zzivi— <Ldlt +Ri*+e>> (6.19)
i=1

Based on Figure 6.2, the term ):?:1 Aiv; is all the attainable voltage vectors in the af§
coordinates with the eight switching modes. It is easy to show that the term (L‘fd—i; +Ri* + e)
is the reference voltage vector v* of the inverter based on the current dynamic equation (6.4).
Hence, it is obvious that by choosing appropriate A € A, the reference voltage vector v* =
Z§:1 A;v;, that is,

Ag,+B, =B; =0. (6.20)
Remark 6.2. The controller variables M can be obtained off-line by solving the LMI conditions

(6.11) through MATLAB combined with YALMIP interface [153], which is a Matlab toolbox.

Hence, the online computation of the switching rule (6.14) is simple and straightforward.
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Table 6.3: Grid-connected inverter parameters

Three-phase DC-AC inverter Configuration

Ve 600V

L 10mH

R 10Q2

Grid Voltage 100V

Grid Frequency 50Hz
Switching/Sampling Frequency | 10kHz

N
o

Current (A)
o

N
o

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

M" <

0.005 0.01 0.015 0.02 0.025 0.03 0 035 0.04

100 c, . .
- ) c
Q@% !

0 0.005 0.01 0.015 0.02 0.025 003 0.035 0.04

N}
s}
:

Current (A)
N
o o

Voltage (V)
o

0 . . . . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

1000 . . . . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.085 0.04

Time (s)

Figure 6.4: The waveforms of the grid currents iq, ig in of-frame, iy, ip, i in abe-
frame, grid voltages e,, ep, €., active power and reactive power when the power refer-
ences are in nominal value.

6.3 Simulation Results

The proposed control scheme is verified on a 600V 2kVA system. Both the grid-connected
inverter and the controller are implemented in MATLAB Simulink, and the parameters of the
nominal operation are given in Table 6.3. Before the real-time simulation, the LMI (6.11) was

solved with a given unity matrix Q. The pre-calculated parameters of the switching current
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controller was obtained as:

(6.21)

5 2.4751 0
M =10 x
0 2.4751

6.3.1 Nominal Operation

In the first case, in order to test the stability of the whole system under the proposed switching
law (6.14), the active power reference P* is set to 2kW and the reactive power reference Q* is set
to 0 VAR to achieve a unity power factor. As shown in Figure 6.4, the current references iy, i’B
are generated based on (6.8) and (6.9) with fixed amplitude, frequency, and phase shift since the
grid voltage is assumed balanced and the power references are constant. The grid currents are
controlled to track the current references with reasonable ripple. The instantaneous active power
P is stabilized to the power reference within a short transition period, and the average value of
reactive power is close to zero. Furthermore, the phase voltages V.0, Vy0, Vo are shown in
Figure 6.5. One can observe that different voltage vectors are selected by the switching current
controllers. The mean value of the phase voltages has been plotted on the same figure. As shown

in the figure, the three phase mean voltages are sinusoidal as well.
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Figure 6.5: The waveforms and the mean of the phase voltages V,0, Vy0, Vco When the
power references are in nominal values.
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Figure 6.6: The waveforms of the grid currents iq, ig in of-frame, iy, ip, i in abe-
frame, grid voltages e,, ep, e., active power and reactive power with various active

power steps.

6.3.2 Active Power Tracking

In this section, the robustness of the switching controller is tested. As shown in Figure 6.6, the
active power reference P* stepped from 2kW to 0.5kW at 0.1s, then to 1kW at 0.2s, back to
1.5kW at 0.3s, finally to 2kW at 0.6s. Correspondingly, the current references iy, i;} are gener-
ated with varying amplitude. In order to demonstrate the transition performance, the waveforms
are zoomed between 0.09s and 0.12s during which the active power reference P* stepped down
from 2kW to 0.5kW. The grid current are well controlled during the step with very short tran-
sition period, and the active power P also responded to the step with same transition period and
no overshoot. In the meantime, the reactive power Q is controlled close to zero during the whole
simulation. The total harmonic distortion of the grid current has been analysed via the Matlab
PowerSystem FFT tool. The THD of the grid current is only 3.98% in nominal operation and as
the power reference decreases, THD increases, which is because the magnitude of voltage and

current decrease, but the ripple of voltage and current stay the same.
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6.4 Summary

In this chapter, a new modelling and control scheme is proposed for a three-phase grid-connected
inverters that can interface distributed generation systems to the grid. Compared with conven-
tional PWM control approaches, the controller determines the switching states of the inverter
directly. Furthermore, compared with predictive control approaches, the proposed method can
be implemented on basic microprocessors with low sampling rates since the coefficients of the
switching law are computed off-line and the sampling frequency is equal to switching frequency.
The robustness of the method is tested by tracking varying power references. In the future, ex-
periment validation will be carried out and the proposed methods can be extended to more
complex inverter topologies. At the same time, the popular maximum power point tracking
(MPPT) can be combined with the proposed control strategy with application to wind turbines

and photovoltaic (PV) solar systems.



Chapter 7

Switching Control of Grid-Connected
Single-Phase NPC Inverters

7.1 Switching States of Single-Phase Grid-Connected NPC Inverter

A two-leg single-phase NPC inverter is shown in Figure 7.1. Each leg (A or B), which consists
of four IGBTS (Sy1,Sx,5x3,5x4, x = A or B) connected in series and two clamped diodes, has
three possible states as shown in Table I(a), where P, O and N stand for positive, neutral, negative
state. The operation of each IGBT for different states is also defined in the table. For the specific
inverter described in this chapter, there are nine switching states, due to the combination of the
two legs, which are PP (Leg A in P state, and leg B in P state), PO, PN, OP, OO, ON, NP, NO,
NN. However, if we neglect the unbalance issue of the neutral point, only five voltage levels
can be output to the filter part, which are V., V4. /2, 0, —V;./2 and —V;.. Table I(b) shows the
possible switching states for a given voltage output U,. Figure 7.2 shows the working principle

of the NPC inverter to output five different voltage level.

e Upp = Vgc: When the upper two switches of phase A and the lower two switches of
phase B are conducting, the voltage output Uup is equal to the input voltage V. as shown

in Figure 7.2a.

o Upsp = %: When the upper two switches of phase A and the middle two switches of
phase B are conducting, the voltage output Uyp is equal to half of the input voltage V. as
shown in Figure 7.2b. The redundant state, ON, produces the same voltage output if we

assume the two capacitors are balanced.

e Usp = 0: When the two phases have same leg state, the voltage output is equal to zero.

For example, Figure 7.2c. The other two redundant states are OO, PP.

—Vzd‘"—: When the middle two switches of phase A and the upper two switches

o Uxp =
of phase B are conducting, the voltage output Uyup is equal to negative half of the input

119
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Table 7.1: Switching states for each leg and the whole inverter

(a) State definition for each leg

Leg state p o N
Sx1 ON | OFF | OFF
Sy ON | ON | OFF
S OFF | ON | ON
Sya OFF | OFF | ON

(b) Voltage output and redundant switching states

Voltage Output Us | Index o | Switching states
Ve 1 PN
Viac/2 2 PO,ON
0 3 PP,OO,NN
—Vic/2 4 OPNO
—Vie 5 NP

voltage V. as shown in Figure 7.2d. The redundant state, NO, produces the same voltage

output.

e Ujpp = —Vgc: When the lower two switches of phase A and the upper two switches of
phase B are conducting, the voltage output Usp is equal to the negative sign of input

voltage V. as shown in Figure 7.2e.

Single Phase NPC L Filter Grid Side
(=,
Sal Sbl
A + C1
Udc1——
T S Sh2 L
- . —E . " :
ale Dl D3 + l{: (t)
Vdc 0 - Uo-
D, D, | e(t)
Sa3 X S, X
_k g
¢
1T Sea Sha
Ugc2 _E _E
=

Figure 7.1: Single-phase grid-connected NPC inverter for distributed energy source
application
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Figure 7.2: The circuit diagram of four possible switching states with five different
voltage level

7.2 Hybrid Modelling and Switching Controller Design

A novel control scheme is proposed as shown in Figure 7.3. The whole system is separated as the
inverter part and the filter part. A switching controller will only choose the proper voltage output
Us, which can force the output current i;, to track the time-variant current reference i,.r; then
an auxiliary voltage balancing controller will take advantage of the redundant switching states
to balance the neutral-point voltage. For example, if U, = V,./2 is chosen by the switching

controller, two different switching states can be activated: PO or ON. The voltage balancing
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Figure 7.3: A proposed control structure

controller will decide which is more suitable based on the measurement of u;.1 and ug.. The

details of the design are as follow.

7.2.1 Hybrid Model of the Filter Part

In this subsection, it is assumed the dc-link capacitors are balanced (ug.; = Uy = %).

Define ¢ : [0,00) — E = {1,2,...,5} as a piecewise constant function, which is a mapping
from the state-space to the index of the active voltage output Us. The relation between the

voltage output U, and the index is shown in Table I(b).

Then a hybrid model with both continuous and discrete dynamics can be defined as:
ir(t) = Air(t) + BUs +D(e), (7.1)

= —iLt), and Uy is defined in Table I(b).

ol
—
Q
N—
|

7.2.2 Switching Controller Design

In order to describe the dynamic of the sinusoidal reference iy (t), a reference model is proposed
in which z(r) is the state of the model, i,.¢(¢) is the output, @ is the angular frequency, and / is

the magnitude.

#(t) = Hz(t), Z(t)Nz(t) =12, (7.2)
i (1) = Zz(1), (7.3)
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where
| Isin(wr) | 0 w
Z()_[Icos(a)t)] H_[—a) 0]
1 0
N 1] Z:[l 0]

The relation 7/(t)Nz(t) = I? specifies the magnitude since (Isin(wt))? + (Icos(wt))? = I2.

Furthermore, if the tracking error is defined as &(¢) = ir(t) — i,r(¢), the tracking error
system is
&(t) =Ag(t)+BUs +D(e) + (AZ—ZH)z(t). (7.4)

Hence, the switching law o(7) should be able to drive the error state £(¢) to the origin.
In this chapter, the following switching law o (&(¢)) and a mode-dependent Lyapunov function
V(e(t), o) are considered.

o(e(r)) = argmax{vi(e(r))}, (7.5)

V(e@) = I%HEX{Vi(E(f))}a (7.6)
where vi((t)) = €(t)'Be(t)+2¢e(t) Qi(z(1)),

Qi(z(t)) = Qi+ Quzl(t).

Note: The argmax{vy,...vs} is used to denote the index of the maximum element v;. For example,
vi=Lw=3v3=4v4=5 vs =2 Hence, V(&(t)) =v4. 6(€(t)) will equal to the index of the
maximum v;(€(t)), which is 6 = 4. Then the voltage output —V,./2 will be activated according
to Table I(b).

The performance requirement is proposed as:

V(e(t))+osV(e(t)) <0, (1.7)
V(e(?)) >0, (7.8)

where ¢(s are given non-negative constants.

Then the LMI condition, which can guarantee the closed-loop globally asymptotically sta-
bility of the tracking error system (7.4) is presented below. Two technical lemmas are given
beforehand.

Lemma 7.1. (Bilinear Matrix Decompositions)[154] Consider two matrices with same dimen-
sion X,Y € R™™,
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1. The mappings f(X) = X"X and g(X) = XX are positive semidefinite and convex on
Rn*m‘

2. The bilinear matrix form b(X,Y) = XY + YT X can be decomposed as the difference of

two positive semidefinite and convex parts

b(X,Y) = % (X+)(X+Y)-(X-Y) (X -Y)] (7.9)

Lemma 7.2. (Schur Complement) [147] Suppose that matrix A is symmetric. Then the following

two matrices inequality is equivalent.

BBT —A < ()0 (7.10)

A B
BT |

Theorem 7.3. Assume z(t) and e(t) are bounded by a given polytope I1. Consider the track-

> (=)0 (7.11)

ing error system (7.4) and given non-negative constants oy, i € E, if the following parameter-
dependent LMIs with variables P, Q;(z(t)), Vi € E are satisfied at the vertices of L

F>0 Y 0o=0 Y 0n=0 (7.12)
i=1 i=1
A+ 0An +Az <0 (7.13)
where
A'P+PA P(AZ—ZH) 03
Ail = * 0 (AZ—ZH),Q,'(Z([))
* * 033

613 = PB; + P.D(e) +A'Qi(z(1)) + Qi Hz(t)
633 = Q;(z2(1))Bi + BiQi(z(1)) + Qi(z(t))D(e) + D(e) Qi(z(1))

P 0 Qi(z(1))
Ap=1] % 0 0
| o 0
[0 0 0
A= N 0
| x x —I?

Then the tracking error system (7.4) is globally asymptotically stable with the switching
law (7.5) and the condition (7.7)(7.8) satisfied.
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Proof. Due to the convexity of the LMIs, if the conditions are satisfied at the vertices of the I1,
it can also be fulfilled by Vz(¢) and Ve(7) in the polytope IT.

Multiplying (7.13) by &€ = [e(t) z(¢) 1]” to the right and the transpose to the left, one can
easily get:
vi(e(t)) + ovi(e(t)) + (2 (t)Nz(t) =) < 0 (7.14)

Due to 7'(t)Nz(t) = I?, the condition (7.7) is obtained.

Then we have:

+2¢€'(1) (i Qi0> +2¢€/(1) ( y Qil) z(1) (7.15)
i

Substituting (7.12), ~
Y vie(r)) > 0 (7.16)

hold. One can conclude that at least one of the v;(€(¢) is positive definite. Hence,

Vs (€(t)) = maxv;(e(r) > 0 (7.17)

icE

hold. For the global stability, an additional condition is required, which Vs (€(t)) is radially
unbounded. Since Y=, v;(&(1)) is positive definite, it is radially unbounded.

Because

vi(e(t)) < 5Vo(e()) (7.18)

™M

I
—_

hold, Vs (€(z)) is radially unbounded.

Thus, the tracking error system (7.4) is globally asymptotically stable with the switching
law (7.5). ]
Remark 7.4. The controller variables P;, Qjy, Q;1, Vi € & can be obtained off-line by solving the

LMI conditions (7.12)(7.13) through Matlab combined with YALMIP interface [153]. Hence,
the online computation of the switching rule (7.5) is simple and straightforward.

7.2.3 Auxiliary Voltage Balancing Controller

In order to maintain the balance of the neutral-point O and relieve the stress on each power
switch. An auxiliary voltage balancing controller is proposed in the form of a look-up table
(Table 7.2).
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Table 7.2: Auxiliary voltage balancing controller

Voltage Output Index Criteria Active State

o=1 NA PN
Udel > Uded ON

=2
© Ugel < Uged PO
Previous PN,PO,PP PP
c=3 Switching | ON,OP,00 00
State NO,NPNN NN
Ugel > Uged OP

c=4
Uger < Uged NO
c=5 NA NP

Table 7.3: NPC inverter parameters

NPC inverter Configuration

in S.1

Vie 400V

L 50mH
C T50uF

R 0.1Q

1 10A

Grid Voltage 230V

Grid Frequency 50Hz
Switching/Sampling Frequency | 20kHz

7.3 Simulation Results

The proposed control scheme is verified through simulation. Both the grid-connected NPC
inverter and the controllers are implemented in Matlab Simulink, and the parameters of the

nominal operation in shown in Table 7.3.

7.3.1 Nominal Operation

First of all, the controller is tested when the inverter is in nominal mode. The responses is shown
in Figure 7.4. As we can see, the inductor current iy, is able to track the sinusoidal reference
irey With ripple of 0.8A. The capacitor voltages uyc1 and ugeo are generally balanced with the
proposed auxiliary voltage balancing controller.

7.3.2 Reference Variation

In order to test the robustness of the proposed method, the current reference is changed as shown

in Figure 7.5. At 0.025s, the reference signal i, is changed to 5V peak to peak from 10V peak
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Figure 7.4: Nominal operation

0.03

to peak, then at 0.045s i, is changed back to 10V peak to peak. Under the proposed control

scheme, the inductor current iy followed the change of the reference signal with fast dynamic

responses. At the same time, the balance of the neutral point is kept under the proposed auxiliary

voltage balancing controller.

7.3.3 DC-link Voltage Variation

In practice, the DC-link voltage may suffer from ac noise and variation. A robust controller

should be able to handle this realistic situation. In this part, some ac noise is added to the DC-

link voltage V. as shown in Figure 7.6. However, the inductor current iy, is still tracking the

reference current with good performance. The capacitor voltages u,.; and u,., are balanced but

with similar ac noise which is acceptable.
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Figure 7.5: Reference magnitude changed to 5V during 0.025s to 0.045s

7.3.4 Model Parameters Tolerances

In this part, the inductor value is changed to 40mH from 50mH to test if the proposed controllers

can handle the uncertainty of the model parameter. As shown in 7.7, the inductor current iy, is

generally not affected. The difference of the capacitor voltages u,.; and u . is more obvious

but is still varied around the balanced point.

7.4 Summary

In this chapter, hybrid modelling of a single-phase grid-connected Neutral-Point Clamped (NPC)

inverter is studied. Compared to conventional two-level DC-AC inverter as we discussed in the

previous chapter, the three-level NPC inverter considered in this chapter has doubled power

switches for each leg and the capacitor balancing issue needs to be considered as well. The

main contribution of this chapter is that a novel state-feedback switching control law is designed
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Figure 7.6: DC-link voltage with large ripple and variation

to force the output current to track a desired sinusoidal current reference. Furthermore, the neu-
tral point voltage ripple is minimized by a capacitors voltage balancing controller. Simulation
results validate the performance of the proposed control scheme in different operating conditions

including reference tracking, reference variation, DC-link voltage variation, and parameters tol-
erances.
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Chapter 8

Switching Control of Three-Phase NPC
Inverters

8.1 Hybrid Modelling of Three-Phase NPC Inverters

As shown in Figure 8.1, a three-phase grid-connected NPC inverter, which is connected to the
grid via an L-filter, is under consideration. R is the filter resistance, and L is the filter inductance.
eq, ep and e, are the three-phase grid voltage. Each phase, which consists of four IGBTs (S;1,
Sx2, Sx3, Swa, x =A/B/C), has three possible states. The operation of each IGBT for the three
states is defined in Table 8.1.

Sa1 | Sp1 Se1
Y S Iy &
tla - || -
0 o . —
Ugc1
R I:] Saz || Sh2 | Sc2
0 M o& & &
e e N
A
Va) 4 o B
C
| S S
Sa3 Sb3 Sez, |
R T CI
+1|c, L L L]
T — s —
Ugc2
Saa Sha ] Sca
I S R o

Figure 8.1: Circuit diagram of a grid-connected three-phase NPC inverter

131
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SW- SWy

SWio

sw

swy

Figure 8.2: Voltage vectors in o3 coordinates

Table 8.1: State definition for each Phase

Phase State P (0] N
Syl ON | OFF | OFF
S OFF | ON | OFF
S ON | ON | ON
Sra OFF | OFF | ON

For simplicity, the output voltages of the inverter are expressed as a voltage vector in of3
coordinates by the following transformation [88]:

VaO
v
V:[ a]: ap | Voo | 8.1

where

Considering all the possible combination of the three phases, 27 switching states and cor-
responding voltage vectors are shown in Table 8.2. And the vector diagram is shown in Fig-
ure 8.2. As seen in Figure 8.2, there are only 19 different voltage vector, which means some of
the switching states produce the same voltage vector. For instances, SWj7 and SW;g have same

o and B components. For notation, the index of the switching state is 6 and the index for the
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Table 8.2: Switching states and voltage vectors

A | B | C | State Index 0 | Vectoro Va VB
P|P|N 1 1 Wee | 2BV
PlO|N 2 2 Vie BV
PIN|P 3 3 Wee | =28V,
PIN|O 4 4 Vie | —%Vae
P|N|N 5 5 Ve 0
o|P|N 6 6 0 | 28y,
O|N|P 7 7 0 | —2Bv,
N|P|P 8 8 Weel 0
N|P|oO 9 9 Vi | BV
N|P|N 10 10 Wee | 28V,
N|O|P 11 11 Vie | %V,
N|N|P 12 12| =2 | 2By,
P|P|oO 13 13 W | L,
0|0|N 14 13 Wae | Ly
Plo|P 15 14 W | =BV,
o|N|oO 16 14 Wee | =LV,
Plo|o 17 15 Ve 0
O|N|N 18 15 Ve 0
O|P|P 19 16 Ve 0
N|O|oO 20 16 Ve 0
o|p|o 21 17 Wi | L,
N|o|N 22 17 Woe | LV,
N|N|oO 23 18 W | =2V,
olo|r 24 18 Wae | =LV,
P|P|P 25 19 0 0
olo|o 26 19 0 0
N|N|N 27 19 0 0

different voltage vector is ©.

With the assumption that the filter and grid are balanced, the phase currents and the grid

voltages also can be transformed into o3 coordinates.

. lg

i— [ o ] = Typ | i (8.2)
ig i
-

e= [ ca ] — Ty | e (8.3)
ep .
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The current dynamics can be described as

i
Ld—; +Rite=v. (8.4)

If we define the system state as x(¢) = [iq ig] and define 0 : [—o0,00) — E = {1,2,...,19}
as a piecewise constant function, which is a mapping from the state-space to the index of the

active voltage vector, a hybrid model of the inverter can be established as

x(t) = Ax(t) + Bo, (8.5)
where
R 0 va(0)—eq
_ L _ L
A— [ 0 _B BG_ Vﬁ((f)*erlj :
L L
DC
li“*' iy Link
Switching o Voltage Vo

Current — Predictionand ———p»

Controller Vector Select

NPC
2
eu eB
i, i
@ °p €y €p, e,
af <
abc
af <
abc i, i1
@ b Fc Grid

Figure 8.3: Setup of the grid-connected inverter

8.2 Current Control Law Design

8.2.1 Online Implementation

Before presenting the control design, we give the entire system architecture in Figure 8.3. The
three-phase grid currents and grid voltages are measured. Then the measured grid currents
and grid voltages are converted to of3-frame respectively. These measured data along with
the current references are transmitted to the switching current controller which determines the
voltage vector 8. Then in order to keep the two capacitor voltages balanced, these two voltage

are predicted for the next sampling period. The switching state, which results in a smaller
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voltage deviation, will be selected and the corresponding switching signals are generated to

control the twelve power switches.

8.2.2 Stabilization of the Error System

If the tracking error is defined as €(¢) = x(z) —i", the tracking error system is
&(t) = Ae(t) +Bs (8.6)

where

Hence, the proposed current controller is expected to stabilize the tracking error £(7) to the
origin. The following theorem states that under some conditions the designed switching control
law will drive the error system (8.6) to track the current reference with guaranteed closed-loop

stability.

Theorem 8.1. Define A = [A1,Ay,...,A19]7 belongs to the set A composed by all non-negative
vectors such that 2}21 Ai = 1. Consider the error system (8.6) and given matrix Q > 0, if there
exists matrix P> Qand A € A, i € B, such that

ATP+PA+0Q<0 8.7
Ag,+B; =0 (8.8)
where
A 19 A
By =Y A (8.9)
i=1
then under the switching law
o(€) = argmine’ (t)PB; (8.10)
[ASIC

the error system (8.6) is asymptotically stable.

Proof. Consider a Lyapunov functional

V(e(t)) =T (r)Pe(t). (8.11)
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Then along the solution of (8.6), the derivative of the chosen Lyapunov functional can be

calculated:

V(e() = &7 (1)Pe(t) + €7 (1)Pe (1)
= (Ae(t) +Bo) Pe(t) + " (t)P(Ae(t) + Bs)
— eT(1)(AT P+ PA)e (1) +2¢” (1) PBo.

Under the switching law (8.10),
V(e(t)) = min [e" (t)(A"P+ PA)e(t) +2¢" (t)PB;]
exn

— min [¢7 (¢)(A” P+ PA + Q)e(t) + 2" (1)PB;]

SO

— el (1) Qe(r). (8.12)

According to the result of [139], the proof continues:

V(e@)) = min (€7 (1)(A"P+PA+ Q)e(r) +2¢" (1)PB; |

— el (1)Qe(r). (8.13)

Since the equilibrium of the error system €, = 0 and the conditions (8.7)(8.8),
V(e(t)) = minle” () (ATP+PA + Q)e (1)
eA
+-2e7(t)(PAg, + PB))] — " (1) Qe(r)
< —e"(1)Qe(r) (8.14)

Hence based on the switched Lyapunov theory, the error system (8.6) is asymptotically
stable under the switching law (8.10). ]

Since the state matrix A is Hurwitz , if a positive definite matrix P exists, condition (8.7) is
satisfied. Next, it will be shown that there always exists A € A such that the condition (8.8) is
fulfilled.

o 1 (&8 dit
AEg, —f—B;L IBA = Z (Zﬂ,,'vi— (Ldl‘ +Rl*+e>> (8-15)
i=1

Based on Figure 8.2, the term Zl-lz , Aiv;i is all the attainable voltage vectors in the of3
coordinates with the nineteen switching modes. It is easy to show that the term (L% +Ri* + e)
is the reference voltage vector v* of the inverter based on the current dynamic equation (8.4).

Hence, it is obvious that by choosing appropriate A € A, the reference voltage vector v* =
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Y2, Aiv;, that is,
Ag,+B, =B; =0. (8.16)

Remark 8.2. The controller variables P can be obtained off-line by solving the LMI conditions
(8.7) through MATLAB combined with YALMIP interface [153]. Hence, the online computa-
tional of the switching rule (8.10) is simple and straightforward.

8.2.3 Capacitor Voltage Deviation Prediction

The neutral-point balancing problem for NPC inverters has attracted a great deal of research
interests in recent years. Since most of control methods proposed for NPC are based on PWM
techniques, in the literature hysteresis control or PI controller are used mostly to balance the
neutral point in conjunction with PWM [88, 155]. In this chapter, a capacitor voltage prediction
method, which is used in model predictive control [4], are adapted to balance the neutral point.

Once defined the sampling frequency T, the two capacitor voltage can be calculated by the

v

) ic1
Lac

=

s

| I |
=
"

Figure 8.4: Circuit diagram about DC side current follow of the NPC inverter
following equation:
up(k+1) = wui(k)+ —ic1 Ty (8.17)

uz(k+1) = uz(k)—i-*icz]; (8.18)
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where ic; and ic, are the currents flowing through two capacitor respectively as shown in Fig-
ure 8.4. Then based on Kirchhoff’s circuit laws (KCL), the capacitor currents can be calculated

as:

ic1(k) = ige(k) — Giaig(k) — Gpip(k) — Gycic (k) (8.19)
i(;z(k) = idc(k) + quia(k) + GZbib(k> + Gzcic(k) (8.20)

where iy is the current from the voltage source V.. The variables G,(0) and G.(0) are
dependent on the switching state of the phase x (x = a/b/c). The rules to decide the value of
G1+(0) and Gy, (0) are as follow:

e Gi,(0) =1 when the switching state of phase x is P.

e Gi,(0) = 0 when the switching state of phase x is O or N.

e Gy,(0) = 1 when the switching state of phase x is N.

e G,(0) =0 when the switching state of phase x is P or O.

Hence, the deviation of the two capacitor voltage is defined as:

Au = |u; — us| (8.21)

We assume the two capacitors have same value (C = C; = (). Then substituting (8.17) to

(8.20) into the equation above, one can have:

Au(k+1)(8) =

uy (k) —up (k) — % ((G14(0) — G24(0))ia(k) + (G15(0) — G2 (0))ip (k) + (G1£(0) — G2(0))ic(k))
(8.22)

Hence, for a specific voltage vector &, there may exsit several available switching states

with index 6 =i/j/p. A simple minimization problem can be formed as:

0 = argmin(Au(k+1)(7)), T=1,Jj,p. (8.23)

In this way, the switching state which gives the minimum of capacitor voltages deviation

will be selected.
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Table 8.3: Grid-connected NPC inverter parameters

Three-phase DC-AC inverter Configuration

Ve 600V
L 10mH

R 10Q

Grid Voltage 110v
Grid Frequency 50Hz
Sampling Frequency 10kHz

8.3 Simulation Results

Both the grid-connected inverter and the controller are implemented in MATLAB Simulink, and
the parameters of the nominal operation are given in Table 8.3. Before the real-time simula-
tion, the LMI (8.7) was solved with give unity matrix Q. The pre-calculated parameters of the

switching current controller was obtained as:

(8.24)

P—1o5><[2'4751 0 ]

0 2.4751

In the first case, in order to test the stability of the whole system under the proposed switch-
ing law (8.10), the peak value of the current reference is set as 10A and the frequency is set as
50Hz. As shown in Figure 8.5, the grid currents are controlled to track the current references
with reasonable ripple. From Os to 0.1s, the capacitor prediction is disabled. As it can be seen
in the figure, the capacitor voltages are not balanced. Then from 0.1s, the capacitor prediction is
enabled. Thus, the deviation of the capacitor voltages decrease dramatically. Furthermore, the
line voltages Usp, Uac, and Upc are shown in Figure 8.6. The general shape of the waveforms
are sinusoidal. There are three voltage levels for the line voltage, which is the main advantage
of the NPC inverter over the conventional two-level inverter. The total harmonic distortion of
the gird current also has been analysed. From Figure 8.7, the THD of grid current is 4.16% with
the capacitor voltage prediction algorithm and the THD value increases to 4.76% without the

prediction algorithm.
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Figure 8.5: The waveforms of the grid currents i,, ip, i, in abc-frame as well as the
current references, the capacitor voltage uc; and uco, grid voltages e,, ep, ..
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8.4 Summary

In this chapter, the control scheme proposed in Chapter 6 is extended to a more complicated
topology: three-phase NPC inverter. In order to solve the issue of the neutral point balance, a
capacitor voltage balancing control, which has been used with MPC control, has been adopted.
Simulation results is presented to demonstrate the effectiveness of the proposed method. In next
chapter, experimental verification will be carried out on a simpler case, which replace the grid
load with a three-phase RL load.



Chapter 9

Experiment Validation on Three Phase
NPC Inverters

In order to validate the control algorithm proposed in Chapter 8, experiments have been carried
out. Since the grid-connected scenario is difficult to set up in the laboratory, a special case
is considered, which is NPC inverter with three-phase RL load. The proposed method can be

easily extended to this case by assuming the grid voltages are equal to zero.

9.1 Switching Controller for NPC Inverters with RL Load

For legibility, the proposed control scheme in Chapter 8 is re-presented below.

9.1.1 Phase Current Controller Design

By defining the system state as x(t) = [i¢ ig], which are the phase current in & coordinates and
define 0 : [—e0,00) — E = {1,2,...,19} as a piecewise constant function, which is a mapping
from the state-space to the index of the active voltage vector, a hybrid model of the inverter can
be established as

X(t) = Ax(t) + B, 9.1)
where
_R 0 va(0)
_ L _ L
A= o _R] Bo=| o
L L

If the tracking error is defined as €(¢) = x(r) —i* where i* is the current reference in complex
form, the tracking error system is
(1) = Ae(t) + Bs 9.2)

143
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where
R 0 va(G) . Bl* . diy,
A= L B — L L'a™
= 0 R o= vﬁ(g)_B_*_dlﬁ
L L Llp — ar

Hence, the proposed current controller is expected to stabilize the tracking error €(7) to the
origin. The following theorem states that under some conditions the designed switching control
law will drive the error system (9.2) to track the current reference with guaranteed closed-loop

stability.

Theorem 9.1. Define A = [A,As,..., A19]" belong to the set A composed by all non-negative
vectors such that z}jl Ai = 1. Consider the error system (9.2) and given matrix Q > 0, if there
exists matrix P> 0 and A € A, i € B, such that

ATP+PA+0 <0 9.3)
Ag,+B;, =0 (9.4)
where
A 19 A
Bl = )L,'B,' (95)
i=1
then under the switching law
o(e) = argmine’ (t)PB; (9.6)
ex

the error system (9.2) is asymptotically stable.

9.1.2 Capacitor Voltage Deviation Prediction

For a specific voltage vector o, there may exist several available switching states with index

0 =i/j/p. A simple minimization problem can be formed as:

0 = argmin(Au(k+1)(7)), T=1,Jj,p. 9.7)
where
Au(k+1)(0) =

uy (k) — ua (k) — % ((G14(0) = G2a(0))ia(k) + (G15(0) — G25(0))ip (k) + (G1c(6) — G2 (6))ic (k)

9.8)

and

e Gi,(0) = 1 when the switching state of phase x is P.
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e G,(0) =0 when the switching state of phase x is O or N.
e Gy,(0) = 1 when the switching state of phase x is N.

e Gy,(0) = 0 when the switching state of phase x is P or O.

9.2 SEMIKRON Three Level Evaluation Inverter

Since designing a three-phase NPC inverter is time-consuming, the SEMIKRON three level
evaluation inverter as shown in Figure 9.1 is adopted as the control target and more efforts can
be placed on control algorithm implementation, which is more important for this thesis. It is
able to carry a maximum current of 100Agys at a DC-link voltage of up to 750Vp¢. Drivers and
sensors (voltage, current, temperature) are on board. The inverter offers a high degree of self-
protection: overvoltage, overcurrent, overtemperature and desaturation events are monitored and

lead to a safe shut down.

Figure 9.1: SEMIKRON three level evaluation inverter kit

9.3 Experimental Setup

For safety purpose, the NPC inverter is operated at low voltage and low current. The parameters
of the experimental configuration are shown in Table 9.1. Since the onboard current sensors are
designed for high current application, the resolution of the measured current is very poor for low

current configuration. Hence, a three-phase low current sensor board was designed.
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Table 9.1: NPC inverter experiment configuration

Three-phase DC-AC inverter Configuration

Ve 25v
L SmH
R 10Q2
Current Peak Value 2A
Current Frequency 50Hz
Switching/Sampling Frequency | 10kHz

9.4 Implementation based on FPGA

The SEMIKRON three level (3L) evaluation inverter provides a 40 pin control interface, which
can be easily connected to Altera DE2-115 Development FPGA board. Hence, the control
algorithm is implemented based on Altera FPGA. The main difference between FPGA and the
common used DSP controller is that FPGA can only accepts digital signals and produces digital

signals. Hence, the signal processing flow can be described as follow:

e Phase currents and capacitor voltages will be measured by corresponding sensors in the

format of voltage signal output.

e In order to passing signal to FPGA, the analog signals from sensors will go through the
Analog-to-Digital Conversion(ADC) chips: ADS1204. The output of ADS1204 are series
of 1-bit boolean numbers.

o The digital signals from ADCs will be passed to FPGA. Hardware programming code is
written using software Quartus II, which interprets the signals and generate the switching

signal based on the proposed control algorithms.

In following part, the VHDL modules developed in Quartus II will be explained in details.

94.1 VHDL Modules
9.4.1.1 Digital Filter

In order to translate the 1-bit signal from the ADC to meaning value, a Sinc> is implemented.

The inputs and outputs of the module (Figure 9.2) are as follow:

Inputs:

e RESN: System reset signal.
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e MOUT: 1-bit digital signal from ADC1204.
e MCLK: Sampling clock of ADC1204.

e CNR: Decimation clock with ratio 256

Outputs:

e CN5: 25-bits processed signal, which is the fix-point number of the measured signal.

HLT H H
— RESN CN5[24..
5| MOUT O
—| MCLK

— CNR

Linst4 o .

Figure 9.2: VHDL Module: digital filter

9.4.1.2 Current Sensor Calibration

Since the output of digital filter is the voltage signal regulated by ADC, there is a relationship
between the voltage signal and the actual current signal measured. This VHDL as shown in

Figure 9.3 will translate the output from digital filter to the correct current signal.

Inputs:

e RESN: System reset signal.
e clk: System clock signal

e [ _IN: 25-bits digital filter output

Outputs:

e [/ _OUT: 22-bits current signal in fix-point.
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MDA conv |

reset
clk
I_IN[24..0]

]_

I_OUT[21.PT]

ml

Hinst35

ml

Figure 9.3: VHDL Module: current sensor calibration

9.4.1.3 Voltage Sensor Calibration

Same as current sensor, there is a fix relationship between the voltage signal from the digital

filter and the actual voltage signal measured. This VHDL as shown in Figure 9.4 will translate

the output from digital filter to the correct voltage signal.

Inputs:

e RESN: System reset signal.
e clk: System clock signal

e V_IN: 25-bits digital filter output

Outputs:

e V_OUT: 25-bits voltage signal in fix-point.

"bA_conv_V

| reset
clk
| V_IN[24..0]

il

V_OUT[24.7T]

Linst47

0O

O

=

Figure 9.4: VHDL Module: voltage sensor calibration

94.1.4 Current Reference Generation

The module shown in Figure 9.5 generates three-phase reference signals.

Inputs:

e RESN: System reset signal.
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e clk: System clock signal

Outputs:

e REF U: 22-bits fix-point reference signal of phase A.

e REF V: 22-bits fix-point reference signal of phase B.

e REF _W: 22-bits fix-point reference signal of phase C.

—Ref lut H H
| reset Ref_U[21..
5| ¢k Ref_V[21..075
Ref_WI[21..
Hinst34 O O

Figure 9.5: VHDL Module: current reference generation

9.4.1.5 of Transformation

The module shown in Figure 9.6 transfering the three-phase signal in abc coordinate to of3

coordinates.

Inputs:

RESN: System reset signal.

clk: System clock signal

Outputs:

Sig_U: 22-bits phase A of the three phase signals
Sig_U:22-bits phase B of the three phase signals

Sig_U:22-bits phase C of the three phase signals

o Sig A: 28-bits the & component of the input signal

e Sig B:28-bits the B component of the input signal
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Falpha_beta_trans=current H
| reset Sig_A27.PTT
— clk Sig_B[27.1T1
=1 Sig_U[21..0] ,:
== Sig_V[21.0]

=1 Sig_W[21..0]

Hinst48 O O

Figure 9.6: VHDL Module: af transformation

9.4.1.6 Switching Controller

The proposed control algorithm is implemented in this module as shown in Figure 9.7.

Inputs:

e RESN: System reset signal.
e clk: Switching clock, which is 9.7kHz

e clkl: Calculation clock as during each switching period, a series of calculation need to be

done. Hence, this clock is much faster than the switching clock.
e JAC_U _A:25-bits fix-point phase A current signal from the current calibration module.
e JAC_V _A:25-bits fix-point phase B current signal from the current calibration module.
o JAC_W _A:25-bits fix-point phase C current signal from the current calibration module.

e VDC_TOP_A:25-bits fix-point top capacitor voltage signal from the voltage calibration

module.

e VDC_BOT _A:25-bits fix-point bottom capacitor voltage from the voltage calibration mod-

ule.

Outputs:

e Index: the 5-bits index of the selected switching state.

9.4.1.7 Switching Signal to Leg Signal

This module, shown in Figure 9.8, maps the index of the desired switching state to the state of

each leg according to Table 8.2.
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FSwitching_Controllé? H

reset_n Index(4..qT™|
clk
clk_1
IAC_U_A24.0] O
IAC_V_A24.0]
IAC_W_A[24..0]
VDC_TOP_A24..0]
VDC_BOT_A24..0]

Hinst50 o O

NS

Figure 9.7: VHDL Module: switching controller

Inputs:

e RESN: System reset signal.
e clk: Switching clock, which is 9.7kHz

e Index: the 5-bits index of the selected switching state.

Outputs:

o Leg_sig U: the 2-bits leg signal of phase A

o Leg sig V: the 2-bits leg signal of phase B

o Leg sig W: the 2-bits leg signal of phase C

FSwitching_Signal™ H
[ | reset Leg_sig_U[1}O]
5 | clk Leg_sig_V[1TH
| Index(4..0] Leg_sig_WI[ O]
Linst49 O O

Figure 9.8: VHDL Module: switching signal to leg signal

9.4.1.8 Leg Signal to Switches

This module, shown in Figure 9.9, maps the leg signal to the switching signal for each power

switches according to Table 8.1.
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Inputs:

e RESN: System reset signal.
e clk: Switching clock, which is 9.7kHz

o Leg sig:the 2-bits leg signal

Outputs:

e T1: the 1-bit switching signal for the switch S

e T2: the 1-bit switching signal for the switch S,

e T3: the 1-bit switching signal for the switch S3

e T4: the 1-bit switching signal for the switch Sy

Heg_control -~ H
— | RESN T
—{ cLK T2 o
1 leg_sig[1..0] T3]

T4
HinstS o .

Figure 9.9: VHDL Module: leg Signal to switches

9.5 Experimental Results

Figure 9.10 shows the whole experiment platform, which includes the SEMIKRON three level
(3L) evaluation inverter, three-phase RL loads, the DE2-115 FPGA board, voltage source power
supply, oscilloscope, and a PC. The setting up parameters are shown in the in Table 9.1. The
VHDL module are implemented on the Altera Quartus II which is programmable logic device
design software produced by Altera. Then the design are downloaded to the DE-115 FPGA
board. The voltage source power supply is connected to the DC input of the SEMIKRON
three level (3L) evaluation inverter. The phase/line voltages and currents are measured by the

oscilloscope.
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Figure 9.10: Whole experiment setting up
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1200 2 2004/ 200%/ 20,04/ 17.20%/ ] S00%

Agilent

0: :l.
01

Channel 4 Menu
ing 1 WY Limit [nyert

Figure 9.11: Three-phase current signals

The waveforms of the phase currents are shown in Figure 9.11. The frequency of the
currents is 50Hz as expected. The phase shift between the three-phase are 120 degree. In

addition, the peak value of the currents is 2A as the oscilloscope probes have gain of ten.

The line voltage between phase A and phase B are shown in Figure 9.12. One can clearly

see the three voltage levels, which is the reason for the name “three-level” NPC inverter. The
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Figure 9.12: Line A to B voltage
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Figure 9.13: Capacitor Voltages: top capacitor (Yellow) and bottom capacitor (Red)

frequency of the line voltage is also S0Hz.

The performance of the capacitor balancing algorithms is demonstrated in the Figure 9.13.
The mean value of the top capacitor voltage is 25.6V, while the mean value of the bottom
capacitor voltage is 24.2V. Hence, the deviation of the capacitor voltages is 1.4V . Although the
performance is not as good as the simulation result, the deviation is still acceptable and it is not

growing as time goes on.
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9.6 Summary

In this chapter, the information about verification of the proposed control scheme on the three-
phase NPC inverter with RL load has been explained in details. Firstly, the controller design
procedure has been presented first. Then the configuration of the SEMIKRON three level evalu-
ation inverter, which is used in the experiment, is given. The control scheme is implemented on
FPGA in the language of VHDL. In addition, the essential VHDL modules are presented from
the input information processing, controller implementation, to the output switching signal gen-
eration. In the end, the experimental results is displayed to prove the effectiveness of the whole

control scheme.
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Chapter 10

Conclusions and Future Research

10.1 Conclusions

In this chapter, the novel hybrid modelling and control techniques for DC-DC converters and
DC-AC inverters are compared with each others and traditional control methods, which are
summarized in Figure 10.1. It is no doubt that the tradional design procedure of the linear
controller based on the state-space averaged approach is more complicated, e.g., the setting
of poles and zeros, the selection of reasonable crossover frequency and phase margin. The
controllers designed are highly restricted on the system model topologies. Any change of model
may result in re-design, and this impose a restriction on fully automated design. On the other
hand, for the state-space averaged approach, the modelling and controller design is around a
operating point or a steady state equilibrium. In some practical situation, additional constraints
need to be considered, e.g., safety measurement, current limiting or soft-starting, gross changes
of operation point. Under these condition, the control problem becomes more complicated.
Another shortcoming of the state-space averaged approach is the considerable approximation in
analysis and synthesis. The hybrid nature of power converters which contains continuous and
discrete dynamics has been neglected. The main disadvantages of state-space averaged approach

can be summarized as below:

e Considerable approximation involved.
e Analysis and control synthesis around a specific operation point.

e Complicated design procedure, highly restricted by the model, imposing a restriction on

fully automated design.
e More complicated control problem arises when constraints introduced.

e It will result in multiple control loops if more system states are involved in the controller

design.
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Thus, given all the limitations of the conventional modelling and control techniques, it

is worthwhile to reconsider the system analysis and controller synthesis in light of the hybrid
system theory. What’s more, power converters with power switches are a good candidate for

hybrid theory. The hybrid models of the DC-DC converters and DC-AC converters are more

precise than the traditional small signal model, which could make a well combination of the
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continuous dynamics and the discrete transition.

The theory of model predictive control is suitable with the hybrid model. The control al-
gorithm is easy to be developed. What should be mentioned is that constraints from practical
requirement could be easily added in the algorithm by changing the cost function that is em-

ployed. However, the disadvantages are also obvious.

e First, the stability and robustness is generally not guaranteed.

e The prediction horizon affects the performance of the controller, but if the prediction
horizon is too far away, the computation load is highly increased, which is unacceptable

for high frequency implementation

The main focus of this PhD project has been put on how to developed control schemes

based on switched affine models.

The challenge is that because of the affine term, the equilibrium of the system is non-trivial.
The piecewise constant switching signal ¢ need to be carefully designed to drive the system to
a designed switched equilibrium with guaranteed stability. Based on the property of power
converters, the switching frequency of the switch is not infinity. Hence, a proper dwell time 7y

needs to be ensured based on the practical situation.

The proposed prediction based sampling-data switching control in Chapter 4 can not only
achieve guaranteed closed-loop stability, but also include constraints in a similar way as model
predictive control. For this approach, the continue model with sampled data is used. The synthe-
sis condition is given by matrices inequalities. One drawback that has been noticed is that under

relative low sampling frequency, the ripple of the output is larger than other control schemes.

The results of Chapter 4 have been published with the following two papers.

e Yan, Xingda, Zhan Shu, and Suleiman M. Sharkh. ”Prediction-based sampled-data con-
trol for DC-DC buck converters.” Smart Grid and Renewable Energy (SGRE), 2015 First
Workshop on. IEEE, 2015.

Motivated by the structure of the switching law proposed in Chapter 4, a novel output
feedback control approach is proposed in Chapter 5. To compensate the information loss due
to limited access to the state, a multiple sampling scheme is employed to derive a discrete-time
switched affine model with an augmented measurement output. Based on the model, an output-
feedback switching control law, which drives the system state to a set of attainable switched
equilibria, is synthesized by using a quadratic state-space partition. The multiple sampling
scheme not only facilitates the controller synthesis, but also improves the energy efficiency of

the converter by allowing a lower average switching frequency.

The results of Chapter 5 have been published with the following paper.
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e Yan, Xingda, Zhan Shu, and Suleiman M. Sharkh. ”Output-feedback switching control of
DC-DC cuk converters using multiple sampling.” Automatic Control Conference (CACS),
2015 International. IEEE, 2015.

In Part II, efforts have been placed on extending this control scheme on DC-AC inverters.
Compared to DC-DC converters, it is a more challenging task since there are more switching
states and the reference are time-variant signals whereas DC-DC converters only have constant
references. In Chapter 6, a current controller based on hybrid model of the three-phase two-level
inverter has been developed, which can track the desired power reference and maintain a unity
power factor at the same time. This methods has been extended to three-phase NPC inverters
in Chapter 8. However, in order to solve the neutral point balancing issue, a capacitor voltage
prediction algorithm modified from model predictive control has been adopted. In Chapter 7, a
novel hybrid model for a grid-connected single-phase NPC inverter has been presented, which
models not only the dynamic of the inverter, but also the dynamic of the current reference.
However, it is still troublesome to extend this control scheme to the three-phase case. Duo to
the large number of the switching states and the three current references, the stability problem

formed by linear matrix inequalities is infeasible.

The results of Chapter 6 and Chapter 7 have been published with the following two papers.

e Yan, Xingda, Zhan Shu, and Suleiman M. Sharkh. “Hybrid modelling and control of
single-phase grid-connected NPC inverters.” Applied Power Electronics Conference and
Exposition (APEC), 2016 IEEE. IEEE, 2016.

e Yan, Xingda, Zhan Shu, Suleiman M. Sharkh, Zhengguang Wu, and Michael Z. Q. Chen.
”A novel current control strategy for three-phase gird-connected inverters.” Control Con-
ference (CCC), 2016 35th Chinese. IEEE, 2016.

Generally speaking, this thesis demonstrates that advanced nonlinear control techniques
based on hybrid modelling and Lyapunov stability can be a new perspective of modelling and
control switched-mode power converters. These techniques have some advantages over the

conventional methods.

e More accurate models by considering both continuous dynamics and discrete transitions.
e Stability of the controller is guaranteed within all attainable equilibria.

e The control algorithms can easily include additional constraints, such as switching fre-

quency adjustment, ripple reduction.
e Convenient to implement on digital platforms.

e The online computation burden is light as the the complicated switching laws are calcu-
lated off-line.
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10.2 Future Research

There are several research direction arising from this work which might be pursued in the future.

One of the issues that has not been fully addressed in this work is the influence of model
parameter uncertainty. In practice, the load of power converters may vary because of a variety of
reasons, such as changing of operation condition, temperature changing, etc. Since the proposed
methods are based on a more precise model, it is more sensitive to the variation of certain model
parameters. Hence, more research could be carried out on investigate the robustness of the
proposed methods. The hybrid model could be improved to include the uncertainty of model
parameters and robust control techniques could be adopted to improve the robustness of the

proposed methods.

Due to funding constraints, experimental work was only carried out to verify the control
method on NPC inverters with a simple RL load instead of the grid-connected case. More work
is worth to be carried out to implement the proposed control method in the case of integrating
renewable energy sources into the grids by NPC inverters. Moreover, the proposed control
techniques could be further developed if the NPC inverters is connected to the grid with a L-C-L
filter.

The control methods proposed in Chapter 4 are based on sampled-data instead of the con-

tinuous state. This could be extended to DC-AC inverters as well.
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