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Abstract

Smart power supply grids may be required to link future energy production and consumers.
Multilevel converters are a building block for smart grids. There are several structures of
multilevel converters, for example the Neutral Point Clamped (NPC), the Flying Capacitor
Circuit and the Cascaded H-Bridge (CHB) converter. The modular structure of the CHB
multilevel converter makes it one of the best options for smart grids. Using modular converter

structures reduces production and maintenance costs.

Implementation of efficient and fast controllers for multilevel converters requires accurate
measurement of the voltages and currents for the system feedback loops. Knowledge of the DC
link voltages is necessary to construct voltage control loops. In a typical CHB multilevel
converter there are many DC links which means that a lot of voltage transducers maybe required.

Voltage transducers at medium voltage are not easy to implement and add to system cost.

This thesis presents an efficient way to observe the DC link voltages and hence eliminate the cost
associated with voltage transducers. A “Sliding Mode Observer (SMO) using the Equivalent
Control Method” has been chosen because of its robustness against system uncertainties.
Simulation and practical work has been performed on a three-phase, three-cell multilevel

converter to validate the use of this observer.
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Chapter 1 Introduction

Chapter 1

Introduction

Today’s electric power generation systems convert about 33 percent of fuel energy into
electricity [1]. The other 67 percent is dissipated as heat without recovery. Eight percent of
this power is dissipated in the transmission lines. Twenty percent of the generation capacity is

only for peak load demand, which is only five percent of the time [1].

Hydro, thermal and nuclear power generation are three major types currently being used.
Hydro power plants have no pollution during operation but they cause significant
environmental and often societal impacts during construction. Possible locations for hydro
power plants depend on river locations. Significant construction and operational cost, as well
as high pollution mean that thermal power plants are becoming a major problem. Nuclear
power plants with existing technology are soon to be retired and they are not currently being

replaced at a significant rate [2].

Environmental concerns mandate that thermal and nuclear power plants must be located far
away from cities. This requires the construction of large, complex and expensive power

transmission lines that causes ecological and environmental problems [2]. Construction of
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hydro, thermal and nuclear power plants are time consuming and very expensive. In today’s
competitive energy market only a few corporations are capable of spending such an amount of
money with pay-back period measured in decades.

Most of fossil fuels are located in limited areas on earth. Extraction and transportation of
fossil fuels to other areas is costly and polluting. The depletion of fossil fuel stocks threatens
the security and sustainability of future electric energy.

Commercial, environmental and security problems are primary drivers for the growth of
distributed generation (DG). Any electric power production technology that is integrated
within distribution network can be classified as DG. DG units can either be grid connected or
independent of the grid. DG can be categorized into nonrenewable and renewable types.
Internal combustion engines, combined cycle engines, combustion turbines, micro turbines

and fuel cells are all nonrenewable forms of DG production technologies.

Solar, wind, geothermal and ocean are all renewable forms of DG production technologies.
Renewable energy sources are inexhaustible, nonpolluting, diverse in resources and available
almost everywhere so they may be the best option for a secure and sustainable energy supply
infrastructure. Construction of renewable DG units is fast and cheap compared to central
power plants and this choice limits the green house gas (GHG) emissions. The use of local
renewable energy sources also eliminates the need for construction of new transmission
circuits and large central power plants in some cases. This is not always the case as for large

offshore wind farms, it is necessary to have long transmission lines.

DG is a cost effective way to improve the power quality and the reliability of power network.
DG can be distributed around distribution network and failure of one unit therefore has
limited impact on whole system. However there are still some economical and technical
challenges in the integration of DG with distribution power network. Electricity from
renewable sources is still generally more expensive than energy from fossil fuel sources, but it
may be less expensive if we consider the environmental costs, health costs and energy

security costs.
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The electric energy produced by renewable sources often fluctuates, which can have a bad
effect on grid. Therefore there is a need for additional power electronic based interfaces to
enable connection. Optimal location of DG units in existing distribution networks is another
important issue for active network design. Stability studies were not usually considered in
design of existing passive distribution networks because they will remain stable under most

conditions assuming that the transmission network is stable [2][3][4][5].

Figure 1.1 shows a diagram of an existing power system. Power flow is unidirectional from
source to consumer. In an active network the power flow could be bi-directional. Figure 1.2
shows a possible structure for a future active network. In such a network new integrated
active management (AM) schemes, as well as new distribution and protection technologies,

are required.

System monitoring, communications and data management will play an important role in
future grids. Power electronic converters using fast semiconductor switches and high speed
real time controllers are capable of implementing integrated, advanced and complex control

algorithms making them a good choice for deployment in a modern distribution system

[61[7][8].

Big Industry
Commercial ‘
Central Commercial
Power Station High Voltage Medium Voltage Low voltage ‘
Transmission Line Network Distribution Network

Big
Industry
Residential

Figure 1.1: Existing passive electric power system with unidirectional power flow

The majority of power system problems occur in the distribution network, so it is necessary to

make distribution networks smart to achieve a secure electricity supply [9].
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One project leading towards the realization of a power electronic based substation is
UNIFLEX-PM (Advanced Power Converters for Universal and Flexible Power Management
in future electricity network) [10].

Energy
Storage

Hydrogen
Storage

Central
Power Station

Low voltage

Medium Voltage
Distribution Network

Network

Hydrogen
Storage Combined
Cycle

Figure 1.2: Next generation active network structure

The strategic objective of UNIFLEX-PM is to help to secure clean, economic and sustainable
electrical energy. One of the suggested topologies for the UNIFLEX-PM concept is shown in
figure 1.3. The objective of the multi-cellular, multilevel power converter is to develop

advanced power conversion technique to meet future needs of electricity networks.

The power converter also can assist in the optimized connection of distributed energy sources,
integration and management of energy storage, optimized utilization of the transmission and
distribution infrastructure, maintaining a high quality of supply and coordinated control across
the network. The main characteristics that make this topology a unique choice for power
system applications is the modular structure and the interleaved connection between phases at
the different ports.
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(b): Converter topology

Figure 1.3: The 3-port UNIFLEX-PM converter
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By having an interleaved connection between phases, this converter is able to operate under
unbalanced conditions on one port while maintaining balance on the other ports. There are 12
AC-DC-DC-AC modules in the example three-phase three-port structure shown in figure 1.3.
The DC-DC converters provide galvanic isolation through a medium frequency transformer.

The structure of a DC-DC converter is shown in figure 1.4.

Figure 1.4: The DC-DC converter module

The 3-port power converter structure in figurel.3 could be capable of providing the following

functions in a power network [11]:

e Voltage ratio adjustment

e Frequency changing

e Phase changing

e Asymmetric load current cancellation
e Voltage asymmetry cancellation

e Reactive power control

e Active power control

e Harmonic cancellation

e UPFC like functionality

To achieve any of these functions, a number of control loops are required. These control loops
include a current control loop, voltage control loop and capacitor balance loop implemented at
port-A, a current control loop implemented at port-B and a current control loop at port-C. To
implement the voltage control and capacitor balance loops a knowledge of all DC link
voltages are necessary. At port-A in figurel.3 there are 12 capacitors, so 12 voltage

transducers are required. Voltage transducers at medium voltage ratings are not easily to
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implement and they can be expensive. This thesis presents an observation method for

measuring the capacitor voltages to eliminate the need for DC link voltage measurements.

Port-A Port-B
a

DC-DC - a
S (1% [0 EmB

(a) The grid connection

HH --- HH

L F }% o 8 j%% s |

¢l <l 13|

J DC-DC J J J DC-DC DC-DC J J
% % EIP

| I<ii<Iml ¢l

| ] i<l

(b) The two-port power converter topology

Figure 1.5: The two-port UNIFLEX-PM converter
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1.1 Thesis Objectives

The main objective of this thesis is to choose and practically implement an efficient and
robust dc-link voltage observer for the two-port power converter. Several observers including
Luenberger Observer, Standard Kalman Filter (SKF), Extended Kalman Filter (EKF), Sliding
Mode observer (SMO) and Sliding mode observer using the equivalent control method have
been considered to be used in the two-port power converter. The main contribution of this
thesis is to address the challenges of the capacitor voltage observation in the two-port power

converter that are:

e Complex structure of the power converter doesn’t allow having exact mathematical
model of the system hence an approximated model of system has been used to

construct the observer equations.

e The magnetizing and core loss currents in the medium frequency transformers of the

DC-DC converters introduce error in the output current measurements.

e In practical cases the capacitance value are different from the nominal value and there

is always uncertainty in capacitance.

e The system observability depends on the power converter switching states. The dc-
link voltages are observable during a very small fraction of a switching period. The

duration of observable states decreases as the number of cascaded H-bridges increases.

Therefore it is necessary to use an observer which is robust to uncertainties in the system
model and parameter as well as measurement error. Several papers have been published in the
field of dc-link voltage observation in multilevel power converters. An example of the dc-link
voltage observation in a multicell power converter has been presented in [68]. The structure of
a multicell power converter isn’t complex and an exact mathematical model of the system can
be used to develop the observer equations. Also there is no transformer in the structure of a
multicell inverter to have magnetizing and core loss currents. Therefore in a multicell power

converter there is no uncertainty in system model or parameters.
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In order to select and implement an efficient observer for power converter, the performance of
each type of observer in presence of uncertainty in the system model or parameters should be
studied. The Luenberger observer isn’t robust to uncertainty in the system model or
parameters. The Kalman filter robustness to parameter uncertainty depends on the accurate
value of the process and the measurement noise covariance matrices. Incorrect covariance
matrices will reduce the robustness to parameter uncertainty and external noise [69]. The
practical implementation of Extended Kalman Filter (EKF) involves significant numerical
complexity [69]. The traditional sliding mode observer has no robustness to uncertainty in
system parameters. The SMO using the equivalent control method is robust against some

uncertainty in system model or parameters and it is easy to implement.

In [68] a traditional sliding mode observer has been used for dc-link voltage observation in a
multicell inverter as there is no uncertainty in system model or parameters. Obviously
traditional SMO would not be a good choice for the two-port power converter. In this thesis a
“Sliding Mode Observer (SMO) via Equivalent Control Method” has been chosen and
implemented on a two-port configuration, shown in figure 1.5. The selected observer
generates precise observer results in presence of model uncertainty introduced by DC-DC

converters.

The circuit in figure 1.5 is a subset of the full UNIFLEX-PM topology and has been chosen to
demonstrate the functionality of the observer and this will be justified in chapters two and

five.

1.2 Thesis plan

Chapter two presents the complete converter design and simulation results. Implementation of
voltage and current control loops, as well as the design of the capacitor voltage balancer, is
described in this section. The converter modulation technique is also presented. The design of
the DC-DC converter and control is explained. Finally simulation results are presented.

Chapter three presents a theoretical study on sliding mode observers. The sliding mode

observer via equivalent control method is introduced. A comparison is made between sliding
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mode observers using sgn() and sat() functions. A stability study is presented on the observer

in sliding mode and finally simulation results are presented for the observer operation.

Chapter four presents the simulation results of sliding mode observer applied to the
UNIFLEX-PM power converter. The converter observable states are considered and presented
based on converter switching states. The effect of DC-DC converters on system and observer
equations is examined. Sliding mode observer equations for the two port converter is

developed and simulation results are presented.

Chapter five describes the experimental power converter and associated control platform.
Details of the H-bridge power circuit cards and selected IGBT devices are presented. Design
of the high frequency analog controller card for DC-DC converter is also described. Details of
the optical interface card used between FPGA and H-bridge cards, as well as voltage and
current transducers are presented. The structure of the control platform including the DSP,
FPGA and HPI-daughtercard are described. The implementation of the controller and
observer equation on DSP and FPGA are presented. Finally the practical results of converter
including converter voltage and current as well as dc-link voltages across DC-DC converters

are presented.
Chapter six presents the experimental implementation of the sliding mode observer on power
converter. Finally the practical results of power converter DC voltage observation are

presented.

Chapter seven presents a conclusion for whole project including the observer design and

implementation.

10
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Chapter 2

Converter Design and Simulation

2.1. Introduction

This chapter presents the design and simulation of the converter and associated control for the
two-port power converter. The converter modelling and the implementation of the control
loops are described. A controller is used to control both active and reactive power flow at the
ports of the power converter. Pl regulators are used in voltage and current control loops, as
well in the control of the capacitor voltage balancers. DQ transformations are used to
decouple the system equations. The converter is modulated using a Phase Shifted Cascaded
PWM technique. A brief introduction for the DC-DC converter and associated control is also

presented. Finally, simulation results for the complete converter are presented.

2.2. Power converter structure

The structure of the two-port power converter is shown in figure 2.1. The main characteristic

of this power converter is the modular structure and the interleaved connection between

11
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phases at the different ports. Maintenance and control of modular structure is relatively easy,
fast and cost effective. Also, by having an interleaved connection between phases, this
converter is able to operate under unbalanced conditions on one port while maintaining

balance on the other ports.

S ]

(a) The power converter diagram.

o 5 Jﬁ}s %%J [N JK’} ;%%J ]
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b) The two-port power converter topology.
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(c) The DC-DC converter topology.
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Figure 2.1: The 2-port power converter
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Out of the main multilevel power converter structures (Diode-Clamped Inverter, Capacitor-
Clamped inverter, Cascaded H-Bridge Inverter and M2C), are the M2C and cascaded H-
bridge multilevel converter that have a modular structure [12][13][14][15][64][65][66][67].

2.3. H-Bridge converter

The H-bridge converter topology is shown in figure 2.2. The power flow in an H-bridge
converter is bi-directional and the H-bridge converter can be used as both ac-to-dc rectifier

idc
L5
lac

and dc-to-ac inverter.

Figure 2.2: The H-Bridge converter

Pulse width modulation (PWM) is one of the most widely used strategies for controlling the
AC output of power converters [16]. Both the amplitude and the frequency of AC output can
be controlled by PWM technique. The basic naturally sampled PWM technique is based on
comparing a reference signal V,.., with a triangular waveform V,,,., which is also known as
carrier waveform. The PWM strategy with a unipolar voltage switching technique [16][17] is
selected as modulation technique for the H-bridge converter in this work. The PWM

technique is shown in figure 2.3. Consider the following reference signal:
Vier = M sin(wt — ) (2.1)

Where 0 < M < 1. The switches are controlled by following rule:

51 sy sz | Sz
ON | OFF | Vyes > Vear ON | OFF | —Vyes > Viar
OFF ON Vref < ‘/CCIT OFF ON - ref < ‘/Car

13
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ref car

(a) Carrier and reference signals.

il HElNnini
i [

(b) Gate signals for switches S; and S,.

Vdc I
>
&0
8
S
>
Vet w w
0 0.01 0.02
Time(sec)

(c) H-bridge output voltage V. and its fundamental component V¢

Figure 2.3: The unipolar voltage switching PWM technique for an H-bridge module.

The amplitude modulation ratio or modulation index is defined as the peak value of V..,

divided by the peak value of the V... If the peak value of V,,. is set to 1 then:

M
Modulation Index = 1= M (2.2)

Where M is the peak value of V.. Figure 2.3 (c) shows the V. waveform and its
fundamental-frequency component V,.,. The relation between fundamental-frequency

component V,., and dc-link voltage V. is:

Vaer = Vyey X Vae = M.V sin(wt — ) (2.3)

14
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equation 2.3 described the relation between the AC and DC side voltages. In order to find the
relation between the AC and DC sides currents it is assumed that the AC side current is

sinusoidal:

ige = Iy, sin(wt) (2.4)

Figure 2.4 presents the AC current i, and the DC current i ;..

| ac dc
ml
<
§ 0
5
O
-lm C I Il
0.02 0.03 0.04
Time(sec)

Figure 2.4: The i . and i4. current waveforms.
The input power into an ideal, lossless converter is equal to the output power, therefore:
Vac X ige = Vae X igc (2.5)

In order to simplify the calculations, all the harmonic components of i;. and V,. are
neglected. V,., is the fundamental-frequency component of ac voltage V,.. Combining
equations 2.3 and 2.4 with equation 2.5 gives:

Vae X laer = Vaer X igc
= M.V, sin(wt — 8) X L, sin(wt)

M Vgl

5 X (cos 8 — cos(RQwt — 8)) (2.6)

i4¢1 1S the dc current iz, without harmonics and can be calculated as:

1,

M
lge1 = 5 X (cos 8 — cos(RQwt — 8)) 2.7)

15



Chapter 2 Converter Design and Simulation

The average model of H-bridge converter has been constructed using equations 2.1 to 2.7 and

is shown in figure 2.5.

M. Im
Ly.sin( ot) 2
+

i()lll
M.Vy.sin(wt-6) J@ = Va4

M.sin(wt-8)

(cos8 —cos(2wt-9))

Figure 2.5: The average model of H-bridge converter.

The ac voltage and dc current are controlled by modulation index. The dc current has an
average value and a sinusoidal component with double line frequency. The ac voltage

fundamental component is equal to reference modulation signal multiplied by dc-link voltage.

2.4, Phase-Shifted Cascaded PWM

The phase-shifted cascaded PWM (PSCPWM) technique is one of modulation strategies used
for cascaded multilevel converters. The multilevel cascaded H-bridge converter comprises of
a series of connected single H-bridge converters. The PWM modulation technique for a single
H-bridge converter is explained in the previous section. In the PSCPWM technique the same
reference signal is applied to all the H-bridges and the carrier signal of each H-bridge is phase
shifted by /N where N is the number of cascaded H-bridges in the chain. It has been shown
that optimum harmonic cancellation in the generated waveform can be achieved by phase
shifting carrier signals by /N radians [16]. The structure of a three cascaded H-brides is

shown in figure 2.6(a) and the average model is shown in figure 2.6(b).

16
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L.sin(eot)

a
—|— J@ J’ﬁ—}k —|— MVasin(en-6) JK} =,
prmm— Vd‘
L5 | oot
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- ®
¥ 2
Ven =V, § M.Vy.sin(wt-8) Jﬁ = Va
L5 | =
- . 1
— N Vewrz  M.sin(t-8)
Lz |
= Va
JR— J@ J’;—}k —_ M.Vy.sin(ot-6) J@ =V
n n
o1
Viws M.sin(wr-8)
(a) Three cascaded H-bridges (b) Average model of CHB

Figure 2.6: The cascaded H-bridge converter structure

The multilevel converter ac voltage is equal to sum of ac voltage produced by each H-bridge.
Figure 2.7 presents the output AC voltage and the carrier signals for three cascaded H-bridge
converter which phase shifted by m/3 radians.

1

LT T FAL

0.5

-0.5 ’ Rt

0.02 0022 0024 0026 0.028 003 0032 0034 0.036 0038 0.04
Time(sec)

carl
car2

car3

< < < <

Voltage(V)
o

Figure 2.7: The phase shifted cascaded PWM technique for multilevel converters
The output ac voltage V,,, can be a 7-level voltage and the fundamental component is:

Vyn1 = 3M. V. sin(wt — 0) (2.8)

17
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Where V. is the DC-link voltage and M. sin(wt — @) is the modulation reference signal. In
an N cascaded H-bridges, the AC voltage levels can be up to (2N + 1) levels depending on
the modulation index M. Figure 2.8 shows the output ac voltage variation with modulation

index.

Voltage(V)
o

—
—
—
—
|
.
|

|
0 0.165 0.33 0.5
Time(sec)

Figure 2.8: The ac voltage variation in PSCPWM technique with Modulation index

In a three cascaded H-bridges the ac voltage is three level for 0 < M < 0.33, five level for

0.33 < M < 0.66 and seven level for 0.66 < M < 1.

2.5. Converter modeling and design

In this section the important equation for converter design has been derived. The prototype
converter design and details are presented in chapter 5. It is assumed that the system operates
under unity power factor condition. System rated power and voltage are two important factors
in converter design. The grid connection of 2-port converter at port-A is shown in figure 2.9.
The system rated power is P = 1kW and the supply voltage peak value is V,,, = 100V. The

supply frequency is 50Hz. The rated line current peak value I,,, can be calculated as:

. _213_2><1000_671‘1 .
™3y, 3x100 29

The first step is to calculate the DC-link voltages. The relation between total dc-link voltage

and source voltage is [17]:

18
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total(Vy.) > V2V, (2.10)

There are three dc-link voltages in each phase, therefore:

2V
Ve > % (2.11)
Vbn Ven
Port-A
<3
i | v
I | R4
L] | T
i | v
| |
n
Figure 2.9: The grid connection of 2-port converter at port-A
The dc-link voltage V.. is set to 60V. Consider the phase-A voltage and current as:
eq =V, sin(wt) (2.12)
iy = I, sin(wt) (2.13)
Von = 3M. V4. sin(wt — 6) (2.14)

Where V,,, is the supply peak amplitude, I,,, is the line current peak amplitude, V. is the DC-
link voltage and M is the modulation index. Therefore the phasor-diagram of system

operating under unity power factor condition will be:

19
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Jlol,

|ia|:1m |€a|:Vm

Figure 2.10: Phase-A phasor-diagram of power converter

The relation between the peak values of the source voltage, line current and converter voltage
is:
G)? + (lwly)? = (3MVy)? (2.15)

Where w is the supply angular frequency. The linear range for M in PSCPWM technique is
0 < M < 1 however the minimum operating M for this example occurs when line current is

ZEro.

Mpin = = = 0.55 (2.16)

The maximum modulation index is 1 and it is desirable to place the nominal modulation index
in the middle, therefore the nominal modulation index can be taken as M = 0.77. The line

inductance for this operating point can be calculates as:

_VBMV)?2 — (4,)?2 (3% 0.77 X 60)2 — (100)?

!
wly, 1007 X 6.7

= 45.6mH (2.17)

The available line inductance in the lab is 11mH and also it is large enough to filter the line
current harmonics. The nominal modulation index for a 11mH inductance can be calculated

as:

_ VU2 + (lwly,)? _ J/(100)2 + (0.011 X 1007 X 6.7)2

M
3V, 3 X 60

= 0.57 (2.18)

The dc-link capacitance is designed in such a way to result in a reasonable DC-link voltage
ripple. The dc-link input current is given in equation 2.7. It is assumed that the output current

i,ue 1S @ constant dc current. During steady state the average value of input current will be
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equal to output current and the sinusoidal component of input current causes capacitor voltage

ripple. The capacitor equation during steady-state is:

dVye M.I,

“ar 2

cos(Qwt — ) (2.19)

The peak value of capacitor voltage ripple can be calculated as:

M.I,

—_— 2.20
4dcw ( )

(AVdc)peak =

For this example a 1000uf capacitor at nominal operating condition will give a 3V peak

capacitor voltage ripple.

Wy = 05767 -
de’peak ™ 4 % 0.001 x 100w (221
(AV4.) 3
Wo(BVaepeatc =2 = o5 = 5% (2.22)
c

The dc-link voltage ripple is 5% and is less than maximum limit.

2.6. Control loops modeling and design

The power converter diagram considered in this investigation and associated controllers at
each port are shown in figure 2.11. Active and reactive power flow controllers can be used for

each port of power converter and can be operate independently.

DC-DC

Figure 2.11: The power converter diagram with grid connection.

HH --- HH
HH - HH
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The active and reactive power flow can be controlled by controlling the line currents. The line
current can be controlled by converter voltages. Therefore the current control loop should
generate references for converter voltages. The diagram of current controller is shown in

figure 2.12.

P—s S

Current -
=V

. Controller "
0 —> —= V.,

[

iabc €abe

Figure 2.12: Current controller

The demanded active and reactive powers are the reference values for current controller. The
supply voltage and line current are the feedback signals. The current controller output is the
references for converter voltages. Based on the reference converter voltages the PSCPWM
generates reference modulating signals for H-bridges. The current controller design process is

described in detail in section 2.6.1.

The objective of active power flow controller at port-A is to maintain dc voltages of all the
capacitors at a specified, fixed value. The dc-link voltages are controlled by active power flow
between supply and converter. Therefore voltage controller should generate reference for
active power in order to maintain average dc-link voltages at a reference value. Figure 2.13

shows the diagram of voltage controller.

* Voltage *
Ve % Controller P

(Vc)avg

Figure 2.13: Voltage controller

The voltage controller output is the reference for port-A active power. The design details are

explained in section 2.6.2.
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The dc-link voltage of each H-bridge in multilevel converter would diverge under any
unbalance conditions in network. In order to equalize all dc-link voltages a capacitor voltage
balancer can be used at port-A. As explained in section 2.3, each individual capacitor voltage
can be controlled by the average value of current flowing into the capacitor. The dc current in
each H-bridge converter is described by equation 2.7. The average value of dc current is
proportional to the modulation index and line current amplitude. The capacitor voltage
balancer generates modified modulation index for each H-bridge converter. Figure 2.14 shows

the capacitor voltage balancer.

Capaitor

=+
Ve Voltage |—= AM;
_ Balancer

Vei

Figure 2.14: Capacitor voltage balancer

The controller at port-A comprises of a voltage control loop, a current control loop and a
capacitor voltage balancer. At port-B there is only a current control loop to deliver the

demanded active and reactive power to the network. Figure 2.15 shows the port-A controller

structure.
P>|= V*a V*anl 'V*an3
m I
v + Voltage Current (v w(1+ AM) V 01 =V bn3
¢ Controller . Controller |, M VsV s
- 0 — < —
(Vc)avg /|\ /|\
iabc €abe AM
Avg
Capaitor

e

+
V. Voltage
_ Balancer

Vei — Veo ,

7
9

Figure 2.15: Port-A controller.
Signals vi,1 — Yanss Vpni — Vpns and v, — vens are used by PSCPWM to generated

reference modulating signals for three H-bridges in phase-A, phase-B and phase-C
respectively. Three mathematical models are developed for current control loop, voltage
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control loop and capacitor voltage balancer. Pl regulators are used in the control loops and are
tuned using the MATLAB sisotool GUI [18]. The modelling and design of each controller is

described in the following sections.

2.6.1. The current control loop

The objective of the current control loop is to set the amplitude and phase of three-phase line
currents to reference values. The current control loop should generate references for v,,, vp,
and v, in order to achieve these desired line currents. A mathematical model of the circuit in

figure 2.9 is used to design the current loop. The voltage equations for the three-phase system

are:
[elape = ( + 1) [ilape + [V]ape + [vn] (2.23)
With:
€q Van lq Un
lelape = [eb] [v]ape = [vbn] [ilape = [ib] [v,] = [Un] (2.24)
€c Ven ic Un

Where r is the line resistance. If the three-phase supply is balanced and free from harmonic

then the voltage of point n will be:

_ _(van + Upp t Ucn)

v, = . (2.25)
Replacing the v, in equation 2.23 will result in following equation in matrix form:
lelape = (r + US)[ilapc + [Bl[V]anc (2.26)
Where:
r2 =1 -1
3 3 3
-1 2 -1
Bl=|— - — 2.27
[B] T 3 3 (2.27)
-1 1 2
L 3 3
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Equation 2.26 contains ac variables that are not decoupled. It is much easier to analyze a
decoupled system with dc variables. Applying af and dq transformations to equation 2.26
will result in a decoupled system equation with dc variables [19][20]. The af and dg
transformations are explained below [21][22][23]. Consider a balanced three-phase voltage

source defined by:

eq = Vi, cos(w,t) (2.28 — a)
ey = Vi cos(wet — 120°) (2.28 — b)
ec =V cos(w,t — 240°) (2.28 - ¢)

Where w, is the supply angular frequency. These voltage waveforms can be transformed into

a — [ coordinates as follows [21]:
1 1
[ea]_ 2[1 2 _f] za
el” 3] V3 V3||e
0 7 =z
3 [Vm cos(a)et)] (2.29)

2 LV, sin(wet)

These voltages can be defined in a new reference frame which is rotating at the same speed as

the AC supply frequency. Figure 2.16 shows the a — 8 voltages in this rotating reference

frame.
G =270
(P
6& 2180 J ) ee — 8& = O
e
 /
es
0:=90

Figure 2.16: Stationary and rotating reference frames

25



Chapter 2 Converter Design and Simulation

The instantaneous angle between rotating voltages and « axis is:

6, = tan™! (e—ﬁ)

€a

. (sin(w,t)
= tan™! <cos(a)et)>
= tan" ! (tan(w,t))

= w,t (2.30)

The projection of e,, ez onto the rotating reference frame will result in new imaginary

variables ey, e,. The relation between [e],, and [e]440 COOrdinates is:

V3/2V,
[e]dqo =T[e]apc = 0 (2.31)
0
Where
21 21
cosf, cos (Oe - —) cos (Qe + —)
o 5 23 23
r=@ = 3 *|sin 0, sin (He - ?n) sin (He + ?n) (2:32)
l1/v2 12 1Nz
The three phase currents can be transformed to rotating reference frame.
[i]qu = T[i]abc (2.33)
Application of dq transformation from equation 2.26, results in equation 2.34.
T~ elago = (r + 1S)T ™ i]aqo + [BIT*v]ago (2.34)

The simplified form of equation 2.34 in the dq rotating reference frame is presented in
equations 2.35 and 2.36.

d
€q = Vg + 7. id + lald + l.(A)e. iq (235)
. d. :
0=vq+r.lq+lalq—l.we.ld (2.36)
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The i, and i, are decoupled and can be controlled independently. Rearranging the above

equations results in:

. Vg~ (ed - l.a)e.iq)
ig = ot 1) (2.37)
. Vg~ (eq + L. w,. id)
g = —r 415 (2.38)

The current control loop should generate reference for v, and v, in order to control iy and i,

to the desired value.

€q- la)eiq

Controller Converter

+ * \

e O +Oe -Gifs) iq

(@): The i, control loop

l'd' C,'(S) G,‘(S) id

(b): The simplified i; control loop

eg+ lw,.iy
Controller | Converter

+ * —\

o OO G i

(c) The i, control loop

iy Cis) Gi(s) Iq

(d) The simplified i, control loop

Figure 2.17: Current control loops
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The plant dynamic G;(s) for current control loop is:

Gi(s) =

(Is+71)

(2.39)

The current control loops are shown in figure 2.17. The plant G;(s) can be controlled by a PI

controller. The root locus design method can be used to design the Pl controller [24]. The

maximum speed of current control loop is limited because of line inductor saturation. The

speed of inductor current change depends on the voltage across the inductor. A fast current

control loop, applies a big voltage on inductor, which may saturates the line inductor.

Therefore a bandwidth of 95Hz is chosen for closed loop current control system to avoid any

possible saturation of inductor. The current controller has been designed for an example

circuit shown in figure 2.9 with the following parameters:

The peak supply voltage | 1}, 100V
The peak line current Ln 6.74
The DC link voltage Vac 60V
The supply frequency f 50Hz

The line resistance 0.5Q
The line inductance l 11mH
The DC-link capacitance | C 1000uF

Table 2.1: system parameters

The plant dynamics is:

1
(0.011s 4+ 0.5)

Gi(s) =

The designed PI controller transfer function is:

C,(s) = 1160

28
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Figure 2.18 presents the root locus, bode plots and step response for current control loop.
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Figure 2.18(a): The root locus, bode plots for the current control loop
Step Response
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Figure 2.18(b): The step response for the current control loop
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The poles of the closed-loop system are located at —217 + i241 and have a natural frequency
equal to 325 rad/s. The damping ratio is set to be { = 0.67. The open loop phase margin is

64.8° and gain margin is infinite. The simulation results of current control loops are presented
in figure 2.109.

I I
I I I | x
i
I I I I
8.17 TIW% bt — = = = = = = e f[:wj\ﬂ'“m‘mwm id &
\ d
g H : i : !
= 0 | | I u“” | » q
[J] T T i
5 J St : \ : [uwﬂ q
O | | i |
I I I
8A7p--mm-m- CTTTT T L I T .
: l : : l
| | | | |
0.05 0.075 0.1 0.125 0.15 0.175 0.2
Time(sec)

(@) The ig, ig and ig, ig.

120

60

-60

Voltage(V), Current(A)

-120

Time(sec)

(b) Supply voltage e,, line current i, and converter voltage v,,,.
Figure 2.19: Current control loop simulation results.

It is assumed that the dc-links are connected to constant dc voltage source. The reference and
actual values of iy and i, currents are shown in figure 2.19(a) and supply voltage and current
and converter voltage are shown in figure 2.19(b). The Active power flow direction has been
changed at t = 50ms, t = 100ms and t = 150ms. During 50ms <t < 100ms the line
current and supply voltage are in phase and power flow is from supply to converter and
during 100ms < t < 150ms the power flow is from converter to supply. The simulation
results confirm that the current control loop is stable in both direction of active power flow.
Currents iy and i, can be controlled independently. The time for full current reversal is as

expected and is equal to settling-time of closed-loop step-response.
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2.6.2. The voltage control loop

The objective of the voltage control loop is to control the amplitude of the average of the DC
link voltages. A net active power flow into the power converter will charge the capacitors.
The voltage control loop should generate a reference for the active power in order to achieve
the desired average of the converter dc-link voltages. The simplified circuit of the 2-port
converter shown in figure 2.20 is used to design the voltage control loop. The load that is

delivered to port-B is modelled as a resistor R.

Lr

le

i ]

n

Figure 2.20: The simplified model of grid connection of 2-port converter at port-A

As shown in figure 2.1(b) there is nine modules in the 2-port converter. Assuming that all the
modules in the power converter are symmetrical and lossless, the net active power supplied to
each module will be one-ninth of the total active converter input power as given in equation
2.42.

vZ(t)

1P = n i@ + -

9

= v, (Csv, +5) (2.42)

Where P = e,. i, is the active input power to the converter. VVoltage e, is constant and active

power flow is controlled by i;. Rearranging equation 2.42 results in:
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Ve =——"—"717ip (2.43)
9v, (Cs + ﬁ)
The plant dynamics for voltage control loop is:
€p
Gy(s) = ——F—~ (2.44)
v, (Cs + E)

The voltage controller output is a reference for current i;. The nested structure of voltage and

current control loops is shown in figure 2.21.

Iy
Ve Cls) Ci(s) Gy(s) Gi(s) Ve

Figure 2.21: The nested control loop including voltage control loop and current control loop

If the voltage controller is significantly slower than current controller, therefore the speed of
i;; changes is slow and i, can track i}, very closely and it can be assumed that i, is identical to

i;. Therefore the block diagram of figure 2.21 can be simplified to figure 2.22.

i)
Ve Cu(s) Gu(s) Ve

Figure 2.22: The voltage control loop

The maximum speed of voltage control loop is limited by line current rating. A fast voltage
control loop imposes big line current. Also voltage control loop should be much slower than
current control loop so the response of the nested loop to a step input be virtually identical to
the voltage control loop response alone. For a current control loop with a bandwidth of 95Hz
the voltage control loop bandwidth can be 6Hz. The voltage controller has been designed for

an example circuit shown in figure 2.20 with the following parameters:
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The peak supply voltage | 1}, 100V
The peak line current Ly 6.7A
The DC link voltage Vae 60V
The supply frequency f 50Hz

The line resistance 0.5Q

The line inductance l 11mH
The DC-link capacitance | C 1000uF

The load resistance R 32Q

Table 2.3: system parameters

The plant dynamics is:

226.5
(s +31.25)

G,;(S) =

(2.45)

The plant G, (s) can be controlled by a Pl controller. The root locus design method can be

used to design the PI controller. The PI controller transfer function is:

C,(s) =53

(0.0275 + 1)

(2.46)

Figure 2.23 shows the step responses of the current, voltage and nested control loops. It can

be seen that the response of nested control loop to a step input is virtually identical to the

voltage control loop response alone.

15

Normalized Amplitude

VC, Voltage loop
VC, Nested loop

Time(sec)

0.14 0.16

0.18

0.2

Figure 2.23: Step response of the current, voltage and nested control loop.
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Open-Loop Bode Editor for Open Loop 1 (OL1)

Root Locus Editor for Open Loop 1 (OL1)
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Figure 2.24(a): The root locus, bode plots for the voltage control loop
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Figure 2.24(b): The step response for the voltage control loop

The root locus, bode plots and step response for voltage control loop are shown in figure 2.24.

The poles of the closed-loop system are located at —31.6 +i14.3 and have a natural
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frequency equal to 34.6 rad/s. The damping ratio is set to { = 0.91. The open loop phase

margin is 34.9° and gain margin is infinite.
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Figure 2.25: Voltage control loop simulation results.
The simulation results are shown in figure 2.25. A step change in load resistance is applied at
t = 0.4s. The load resistance is changed from 100 to 32Q2. Capacitor voltages are shown in
figure 2.25(a). Simulation result confirms that voltage control loop is stable. After a step
change in load the capacitor voltages converge to reference value in 20ms. There is no steady
state error in capacitor voltage values. The line currents are shown in figure 2.25(b). There is

no over current situation which means the dynamic of the designed voltage controller is not
too fast.
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2.6.3. The capacitor voltage balancer

The objective of the capacitor voltage balancer is to equalize all the DC-link voltages in the
H-bridges. Under any type of unbalance operating conditions the capacitor voltages would
diverge without the capacitor voltage balancer control loop. The capacitor voltage balancer
modifies the amplitude modulation ratio M of each cell to control the associated DC link
voltage. The average model shown in figure 2.5 is used to design the capacitor voltage

balancer loop. The capacitor voltage can be described by:

v.(t D,
ige = ic(t) + 515 ) = Csv, + EC (2.47)

The iy is described by equation 2.7. The average value of i;. charges the capacitor. Placing

the average value of i;. in equation 2.47 results in:
MI v
Tmcos 0 =Csv. + EC (2.48)

It is assumed that cos @ is close to one. Under unity power factor condition the relation

between peak amplitude of line current I,,, and rotating current i, is:

In = (V2/3) ia (249)

Rearranging equation 2.48 and combining with equation 2.49 results:

M.ig (2.50)

As explained in section 2.6.2, figure 2.22, the reference value for the rotating current i, is
determined by voltage control loop. Figure 2.26 shows a block diagram of mathematical

model of a single H-bridge including voltage controller and capacitor voltage balancer.
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Cufs) a

Ve V6(es+1/R) Ve

Cy(s)

AM;

Figure 2.26: The model of single H-bridge including voltage controller and capacitor voltage balancer

If the capacitor voltage balancer is significantly slower than voltage control loop therefore
current i; can be considered as a constant. Based on this assumption and by using equation

2.50 the plant transfer function to design capacitor voltage balancer is:

lq
Gy(s) = —2 (2.51)
’ V6 (Cs + %)

The capacitor voltage balancer diagram is shown in figure 2.27.

Ve Cy(s) S Gfs) Ve

Figure 2.27: The capacitor voltage balancer loop

The plant G, (s) can be controlled by a PI controller. The root locus design method can be
used to design the PI controller. The dynamic of capacitor voltage balancer should be
significantly slower than voltage control loop. For a voltage control loop with a bandwidth of
6Hz the capacitor voltage balancer bandwidth can be 0.5Hz. The plant for capacitor voltage

balancer in this example is:

i 3350
Gp(s) = \/g(C:Jr%) = (s n 31.25) (2:52)

The corresponding controller can be designed as:

1+ 0.15)

Cy(s) = 0.04( (2.53)
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Figure 2.28(a): The root locus, bode plots for the capacitor voltage balancer loop
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Figure 2.28(b): The step-response for the capacitor voltage balancer loop

The poles of the closed-loop system are located at —41.5 and —3.23. The settling time of step

response is 1.2sec. The open loop phase margin is 107° and gain margin is infinite. The
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circuit shown in figure 2.20 is used to generate the simulation results for capacitor voltage
balancer. The system parameters are listed in table 2.3. Step changes in load resistances R,
and R; are applied at = 1s . The simulation results are presented in figure 2.29. Capacitor
voltages v.,, v, and v.; without capacitor voltage balancer are shown in figure 2.29(a).

Capacitor voltages diverge under unbalanced load condition without balancer.
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Figure 2.29 (a): voltage balancer loop (dc-link voltages v.4, v., and v.5 without balancer loop)
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Figure 2.29 (b): voltage balancer loop (dc-link voltages v.¢, v, and v.; with balancer loop)

Figure 2.29(b) shows the capacitor voltages v, v., and v.; under unbalanced load condition
with capacitor voltage balancer. Simulation result confirms that capacitor voltage balancer is

stable. There is no steady state error in capacitor voltage values.

The complete power converter and associated controllers for ports A and B are shown in
figure 2.30. At port-A there is a current loop, a voltage loop and nine capacitor voltage
balancers. There is only one current control loop for port-B, which controls the active and

reactive power.
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(b) Port-B controller diagram in detail.

Figure 2.30: The complete controller diagram.

The controllers in figure 2.30 are designed under the assumption that the supply at both ports

is balanced. The instantaneous angle of the rotating reference frame at each port is calculated

using the supply voltage at that port therefore the converter can be connected to supplies with

different frequencies and different phase angles. The reference value for the reactive power is

set to zero to have unity power factor condition at both ports.
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2.7. The DC-DC Converter

The DC-DC converter is used in the power converter structure to provide galvanic isolation
between the H-bridges. The structure of the DC-DC converter is shown in figure 2.31. The
DC-DC converter consists of two H-bridge converters and a medium frequency transformer.
In this example the DC-DC converter is used to equalize the capacitor voltages v.; and v;;.
The capacitor voltages are maintained and controlled by active power flow between the input
and output of the DC-DC converter. The active power flow is controlled by controlling the
phase shift between the square-wave voltages across transformer’s leakage inductance L. The

relation between active power flow and phase shift between the voltages is [25]:

Y 52
p = Zei Vi (5 _ —) (2.54)

Where w is the angular frequency of square-wave voltages and the § is phase shift between

the square-wave voltages across the leakage inductance of transformer.

|

Vac? - Vcii

Figure 2.31: The DC-DC converter circuit

The DC-DC converter control diagram is shown in figure 2.32. The details of DC-DC

converter and controller design used in this work can be found in [25].

Vi Caeac(s) Gaeacls) Veii

Figure 2.32: The DC-DC controller diagram
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The voltages across transformer terminals and transformer current are shown in figure 2.33.
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Figure 2.33: The DC-DC converter waveforms.

In this diagram V., lags V,.;which means that power flow is from left to right.

2.8. Simulation Results for the 2-Port Power Converter

In a two-port converter there are two capacitors in each module, either side of the DC-DC
converters. By neglecting the dynamics of DC-DC converters it can be assumed that the two
capacitors in each module will be in parallel and the equivalent capacitance will be doubled.
Therefore the dynamics of a two port converter are different from a one-port converter and
new voltage control loop and capacitor voltage balancer loop would need to be designed.
However the current loop controller C;(s) is the same for a two-port and a one-port converter,
The PI controller design procedure has been explained in detail in the previous section. Figure
2.34 shows the complete power converter topology used in these simulations. The peak
amplitude of the three-phase supply voltages at both ports is taken as 100V with a frequency
of 50Hz. The line inductance is 11mH. The DC link capacitance is 1000uF and the

reference value for the DC link voltages is set to 60V.

DC-DC

*

100V 100V
50Hz 50Hz

HH -~ HH
HH - HH

Figure 2.34: Complete power converter circuit diagram
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Figure 2.35 shows the simulated waveforms of the ac current and voltages at ports A and B.
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Figure 2.35: Two-port converter waveforms.

The line current and supply voltage at port-A are in phase, showing the converter is operating

under unity power factor condition. Also converter voltage lags the supply voltage which

means port-A is delivering active power to converter. The converter voltage leads the supply

voltage at port-B, which means port-B is absorbing active power from power converter. The

power-converter is operating under unity power factor conditions at port-B as well.

Figure 2.36 shows the capacitor voltages across the DC-DC converters, which is switching at

5KHz.
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Figure 2.36: DC link voltages across DC-DC converters.

The average values of all capacitor voltages across the DC-DC converters are equal, which

confirm the correct operation of DC-DC converter and capacitor voltage balancer.

44



Chapter 2 Converter Design and Simulation

To demonstrate that the frequency of the power converter ports can be different the supply

frequency at port-B is changed to 60Hz. Figure 2.37 shows the simulated power converter

topology.

DC-DC

*

Figure 2.37: Complete power converter circuit diagram
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Figure 2.38 shows the simulated waveforms for the current and voltage at ports A and B. The

power flow is from port-A to port-B under unity power factor conditions.
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Figure 2.38: Two-port converter waveforms.

Simulation results in figure 2.38 confirm the correct operation of power converter while its

ports are connected three-phase supplies with different frequencies.
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Figure 2.39 shows the capacitor voltages across the DC-DC converters.
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Figure 2.39: DC link voltages across DC-DC converters.

The capacitor voltages across each DC-DC converter have different ripple frequencies but the
average value of all capacitor voltages are equal, which confirm the correct operation of DC-

DC converter and capacitor voltage balancer.
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2.9. Summary

In this chapter the design method for the control loops for a multi-cellular two-port power
converter has been presented. The dq transformation has been used to decouple the system
equations for the AC waveforms. Three control models have been presented and used to
design the current control loop, voltage control loop and capacitor voltage balancer. Phase-
Shifted-Cascaded PWM has been selected and implemented as the power converter
modulation technique. A complete control diagram has been presented for ports A and B of
the converter. The structure and basic theory of the DC-DC converter has been presented.
Finally, simulation results have been presented to show the complete operation of the two-

port power converter.
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Chapter 3

Sliding Mode Observers

3.1 Introduction

This chapter presents a review of sliding mode observers. First a history of the invention of
observers is presented. Then a background of the variable structure system is given. The
structure of the traditional sliding mode observer and the sliding mode observer using an
equivalent control method are described. Finally, simulation results for the sliding mode
observer using the equivalent control method are presented and discussed. The Luenberger
observer and traditional SMO aren’t robust to uncertainty in system model or parameters. The
“SMO using the equivalent control method” has robustness to system parameter uncertainty.
Therefore “SMO using the equivalent control method” has been selected to be applied to

power converter.
3.2 History of observer

The idea of using a dynamic system, called an observer, to estimate system state vectors was
introduced by Luenberger in 1964 [26][27][28] and further developed by him later in 1966
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[29]. In many control system designs it is assumed that the system state vectors are available
by direct measurement, however this is not the case in many practical cases. Application of
theories like state feedback controllers, which assume that the state vectors are known, is
limited in these cases. An observer generates an estimate of the system state vectors. The
observer uses information from the input and output variables of the original system to
estimate the system states [29]. The estimation of the system state variables can be used
instead of the real state variables in feedback loops without loss of system stability. Consider

a dynamic system defined by:

{5( = Ax + Bu (3.1)

y =Cx

Where x € R*,u € RP,y € R™ and A € R™", B € R™*?,C € R™™ are constant matrices.

The mathematical model of the Luenberger observer will be [24]:

{

Where X is the estimation of system state vector, y is the estimation of the system output and

=AX+L({y —-y)+Bu
X

p (3.2)

2 =

L is the observer gain matrix. Figure 3.1 shows the diagram of a system and associated

Luenberger observer.

J = ¢ 2

u Biji :
+ J
4
by
B | c
+
-‘rAJ

L

>
1

=
+
N

Figure 3.1: Luenberger observer diagram

Subtracting equation 3.2 from equation 3.1 will give the dynamics of the error vector e,:
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{e’x = Aey + Le, (3.3)
ey, = Cey '
e, =X—x, ey=y—y (3.4)

By choosing the proper value for L, the eigenvalues of (4 + LC) can be placed in the left-
hand half plane (LHP) to force the error vector e, towards zero. As figure 3.1 shows, in order
to construct the Luenberger observer one needs to accurately know the system parameters.
Before designing the observer, it is necessary to check the observability of the system. The

observability matrix of the system is defined as:

c
0= ‘ (3.5)

CA.n_l

The system described by equations 3.1 and 3.2 is observable if, and only, if the rank of the
observability matrix is equal to n. This type of observer is only for linear systems with
completely known parameters. Any modelling or measurement error leads to error in

observation values and loss of observer action [30].

3.3 Variable structure systems

The theory of variable structure system (VSS) was first introduced in Soviet literature in early
1950’s by Emelyanov and other researchers [31][32]. VSS theory is based on the using
discontinuous feedback control [33][34]. This feedback control is achieved using high speed
switching control action between two distinctively different system structures, which forces
the trajectory of the system onto a manifold or sliding surface [35][32][36][37]. Having
reached the intersection, the trajectory will remain on the manifold and slides on it. This mode
of the system is called sliding mode [35][36]. The VSS theory can be used for the design of
feedback control laws for uncertain systems. During sliding mode the variable structure
controllers are robust to parameter uncertainty and also disturbance [34][38]. VSS control has
four main advantages [39]:

e The manifold (switching surface) can be selected in a way that system is robust to

disturbances and parameter changes during the sliding mode.
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e During the sliding mode the system emulates a reduced order system and if the system
has bounded nonlinearities, then under some conditions system behaves like linear
system.

e Control algorithm is very simple, and can even be implemented by using a comparator
and relay.

e By varying the switching surface the problem of tracking can be addressed.

Although VSS theory has robustness properties against parametric uncertainty and
disturbances, classical variable structure control has several drawbacks that limit its practical
applicability [40][41]. Variable structure control involves large control authority and control
chattering. Chattering is a oscillation with finite frequency and amplitude about the sliding
mode manifold [42] which can be harmful and undesirable in some practical applications.

This chattering can lead to low control accuracy and high stress on mechanical parts.

There are two possible causes of chattering [36][42][43]. First is the neglected fast dynamics
of fast actuators, servomechanisms, sensors and data processors which can be excited by the
high switching frequencies and will produce non-decaying oscillations with finite amplitude
and frequency. Second is the practical issue of switches that are not capable of switching with
infinite frequency and hence will cause chattering affects. Some solutions to improve the

chattering problem are suggested in [44][42][45][46][47] but these are limited in application.

3.4 Sliding mode observer

The theory of the sliding mode observer is based on the theory of variable structure systems
[48][49]. Sliding mode observers can be applied to both linear and nonlinear systems. Several
nonlinear sliding mode observers have been proposed by Misawa, Hedrick and Slotine
[43][50][40] as well as Xiong and Saif [51]. Generally there are two methods of sliding mode
observer implementation [52]. One method is based on equivalent control theory and the other
is based on Lyapunov theory. Several sliding mode observers based on Lyapunov observer
have been proposed by Walcott and Zak [53][54][55][56][39], Edwards and Spurgeon [57] as

well as Zinober and Koshkouei [58].
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Sliding mode observers using the equivalent control method have been published by Utkin
and Drakunov [59][60], Hashimoto, Utkin, Xu, Suzuki and Harashima [61] and Haskara,
Ozguner and Utkin [62][49]. Sliding mode observers using the equivalent control method are

well established for linear systems and have good robustness against system disturbances.

The system studied in this thesis is linear so we are interested in sliding mode observers for
linear system hence the main focus of this chapter is on the sliding mode observers based on

the equivalent control method.

3.4.1 Traditional sliding mode observers

Early sliding mode observers were introduced by Utkin [49]. In this type of observer the
original system is transformed into a canonical form. In the canonical form the output variable
appears as a part of state vector. The observed values converge to real states asymptotically.
The traditional sliding mode observer is applicable to linear systems. It has no robustness

against system uncertainty. Consider a dynamical system defined by:

{J‘c = Ax + Bu (3.6)

y =Cx

Where x € R*,u € R?,y € R™ and A € R, B € R™*?,C € R™™ are constant matrices.

This system can be transformed into the following canonical form:

e ML 37

By a non-singular transformation:

Y1_
[xl] =Tx (3.8)
T is a non-singular transformation matrix:
Cc
T = [Rl] (3.9)
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Where R, € R™®=™*" s an arbitrary matrix as long as T remains non-singular and x; €
R™~™) js equal to R,x. The corresponding sliding mode observer for equation 3.7 would be

in the form given in equation 3.10 [47]:
y _ [ Alz] [)7] [Bl] -1
[3?1] B [A21 Ayl 1%y + B, Y + [ k ]‘7 (3.10)

Where:
v= M.sgn(ey) (3.11)

Where e,, is the measurement error and sgn is sign function, as shown in figure 3.2.
sgn(x)

]_

-1

Figure 3.2: sgn() function

The dynamic error is obtained by subtracting equation 3.7 from equation 3.10.

e'y]:[An A12] ey -1
[% P ex1]+[k]” (3.12)

Where:

ex1 = X1 — x4, ey = y—y (3.13)

By appropriate choice of M, it is possible that e, reaches on manifold S(e, = 0) and slides

on this surface. The manifold S is shown in figure 3.3.
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~ >

e,>0

e,<0

Figure 3.3: Manifold S

In order to force e, to reach on manifold S and slide on the surface, e, and €, should have
different signs [35].

ey e, <0 (3.14)
But if the initial condition of e,, is far from manifold S then condition (3.14) cannot guarantee
the reaching mode in a finite time. To make sure that the reaching mode finishes in a finite

time the following condition is used [63]:

ey €y < —r)|ey| , n>0 (3.15)

Combining equations (3.12) with equation (3.15) results in the following equations:

ey(Alley + A, — M.sgn(ey)) < —n|ey| (3.16)

Or
ey >0: (A1sey + Ajpey — M) < - (3.17)
e, <0: (A11ey + Ajpey — M) > +7 (3.18)

Combining equations 3.17 and 3.18 will result in equation 3.19.

|A11ey + Ajze| +n <M (3.19)
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By choosing M to be large enough, the reaching mode will be achieved in a finite time and the

sliding mode will be guaranteed. In the sliding mode e, and e, are forced to zero. By
replacing e, and €, by zero in equation 3.12 the solution for equivalent value of

discontinuous control input v can be derived:
Ajzex1 = Veq (3.20)
By replacing the v, in second line of equation 3.12, the dynamic of e, is derived as:
er1 = (Ayy + kAj)ew (3.21)
By choosing the appropriate value for k we can assign stable eigenvalues for A,, + kA;, and

control the speed of convergence of e, to zero.

3.4.2 Sliding mode observer using the equivalent control method

A sliding mode observer by using the equivalent control method is proposed by Utkin and
Drakunov [59][60], Hashimoto, Utkin, Xu, Suzuki and Harashima [61] and Haskara, Ozguner
and Utkin [49][62]. Consider a dynamical system defined by:

{x = Ax + Bu (3.22)

y=Cx

Where x € R™,u € R?,y € R™ and A € R™", B € R™P,C € R™"™ are constant matrices.

This system can be transformed into the following canonical form:

y =AYy + Appxg + Biu
{551 = Ay + Az, x4 + Byu (3.23)
Using a non-singular transformation T € R™*™:
C
T = [Rl] (3.24)
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Where R, € R~ is an arbitrary matrix as long as T remains non-singular.

_[Y -1 _ [A1a Alz] _ [31]
Tx—[xll, TAT _[A21 ac] B =5 (3.25)

The rank of A;, € R™ ™™ is m,, where m; <m, m; <n—m. There exist a matrix
D; € R™>*™ gych that rank {D;A;,} = m,. At this stage a new variable y, € R™ is defined

and is combined with the second line of equation 3.23:

561 = A21y + Azle + Bzu
3.26
{}’1 = D1A1% ( )
This system can be transformed into the following canonical form:
{5’1 = Az1y1 + Azxxy + Azzy + Bau (3.27)
Xy = Agay1 + Agpxy + Agzy + Byu
Using a non-singular transformation T, € R (n-m).
DA
T, = [ ;312] (3.28)
2
Where R, € R(~m-mux(m-m) j5 an arbitrary matrix as long as T; remains non-singular.
V1 -1 Azq Asz] 33]
Tyx, = T,A,,T, "t = T,B, = 2
1X1 [Xz]' 142211 Ay Agn 1172 B, (3.29)

The rank of 43, € R™*®=m=m1) js 1y, There exist a matrix D, € R™2*™1 such that rank
{D;A3,} = m,.

At this stage a new variable y, € R™2 is defined and is combined with the second line of
equation 3.27.

{552 = Ay1y1 + Agoxy + Ayzy + Byu (3.30)

V2 = DyAsx,
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This system can be transformed into the following canonical form:

{5’2 = As1Y; + Asyxz + Aszy + Asyy1 + Bsu (331)
X3 = Ag1Y2 + Ag2X3 + Ag3y + Agsy1 + Beu '
by a non-singular transformation T, € R(-m-mu)xn-m-m,).
D,A
T, _[ ZR?’Z] (3.32)
3

Where R, € R(-m-mi—ma)x(n-m-m1) s an arbitrary matrix as long as T, remains non-

singular.
_[Y2 -1 _ [4s1 Asz] _ [35]
Tyx, = [xs]’ L A P Y (3.33)
at step k the canonical form of system equations will be:
Vi-1 = Azk-11Vk-1 T Aok-12Xk + Azp-13Y + ** + Azk-1k+1Vk—2 + Bag-1u
(3.34)
Xk = Az, 1Vk-1 t Agi 2 X + Az 3y + - + Agk+1Vk—2 + Barl
Using a non-singular transformation T;,_, € R(=m=Zi"?m)x(n-m-Z~*m,).
Dy _1A55—
Teos :[ K 1R2k 3,2] (3.35)
k
Where:
_ [Yr-1
Tk—1Xp-1 = [ Xk ] (3.36)

Where R, € RO-m-2{ Tt m)x(n-m-2{"*m:) s an arbitrary matrix as long as T,_, remains
non-singular. At each step the dimension of dimension of the new system decreases. This
procedure will be repeated until step » where n =m + }[_, m;. At step r a new variable

y, € R™r is defined and can be combined with an expression for x, as follows:
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{xr = Agr1Vr-1 t Agr Xy + Agp 3y + -+ Agpri1Yr—2 + Boyu (3.37)
Yr = DTAZT—l,ZxT '

D, is chosen in such a way that the rank of D,.A,,_;, is equal to m,. Also y, and x, are

related by a non-singular transformation T, € R™r*™r:
Tr = [DrAZr—l,Z] (3'38)
The complete set of system equations in canonical form will then be defined by:

( y = Ally + Alle + Blu
V1 = Az1y1 + Azpx; + A3y + Bsu
Vo = Ag1Y, + AspXxg + Agzy + Asay + Bsu
(3.39)

Vo1 = Agr_11Yr—1 Y Agp_12X%r Y Agp_q 3y + -+ Agp g 41Yr—2 + Barqu

\ W = Agri11Yr T Aori13Y o F Aprpira2Yr-1 T Bar
The complete set of observer equations for above system equations set will be:

(9 =A1,9 + A1a%, + Biu— Lisgn( — )
Yy = Az191 + Agp®s + AssP + Bau — Lysgn(9; — y1)
Yo = As1 9, + Asy®3 + AssY + Asy Py + Bsu — Lasgn(®, — v,)

(3.40)

Vro1 = Agr_11Vr-1 t Agro12%r + A1 39 + -+ Agp_1p119r—2 + Barqu
_Lrsgn(yr—l - Yr—l)

L 9= Apri11Vr + Azpy13Y + -+ Agpi1r429r—1 + Borprt — Ly 1sgn(r — y4)

Where L., € R™*™k js a diagonal matrix for the kth step and by choosing the elements to

be large enough the sliding mode will take place at kth step on manifold; Sy (e, =0ne, =

0n..ne, =0).
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Where e,, is the error between observed value and system output values and can be defined
as:

ey, = Yk — Yk (3.41)
By subtracting the equation set 3.39 from equation set 3.40 the errors can be defined as:

éy = Alley + Alzex1 - Llsgn(ey)
éyl = A31€y1 + A3zex2 + Aggey — LZSgn(eyl)
éy, = As1ey, + Aspex, + Agze, + Agsey — Lz.sgn(ey,)

J (3.42)

€y 1 = AZr—l,leyr_l + AZr—l,Zexr + AZr—1,3ey + e+ AZr—l,r+1eyr_2
Lsgn(ey,)

\ &y, =Aprp11 P H Asri13Y + o Aprpa a2V — Lr+159n(3yr)

In sliding mode, the discontinuous control input Lk+159"(9yk) forces the é,, and e,, towards
zero. In order to find the equivalent value of the discontinuous control input Lk+1sgn(eyk),

ey, and e, are replaced by zero in equation 3.42, therefore:

[Lk+159n(eyk)]eq = Azk+1,2€x14, (3.43)

The equivalent value by physical meaning is the average value of the discontinuous control
function [49][59]. A low pass filter can be used to realize the equivalent value of the

discontinues control input Ly.,;sgn(ey, ):

Tk+1Zk+1 T Zkt1 = Lk+159n(eyk) (3.44)

Where z,., is the output of the low pass filter and can be used as the equivalent value of
discontinuous control signal. The filter time constant 7., should be very small in comparison

to other variables in order to get good results. Therefore:

Zg+1 = [Lk+159n(€yk)]eq (3.45)
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Based on the definition of the new variables y, = D, A,j_1 ,x} at each step:
ey, = DrAzi_12€yx, (3.46)
Combining equations 3.46 and 3.43 will give:
€ypey = Dk+1[Lk+1sgn(eyk)]eq (3.47)
And combining equation 3.47 with 3.45 will result in:
ey, = Drzy (3.48)

The final form of the observer equations can then be written by using the new expression for

the error signal in equation 3.48:

5'; = Allj} + Alzfl + Blu - Llsgn(ey)

Y1 = Az191 + Azp%y + As39 + Bau — Lysgn(D, z;)

A

V2 = As1Y, + AsyX3 + As3) + Assdy + Bsu — Lysgn(D,z;)
! ; (3.49)

5}1”—1 = AZr—l,lyr—l + AZr—l,Zfr + AZr—1,35} + et AZr—l,r+15}r—2 + Byr_qu
_Lrsgn(Dr—lzr—l)

A

Vr = Agry119r + Azri139 + -+ Agpy1r29r—1 + Borsrt — Lyy15gn(D, z,)

Once all the observed values for ¥, are known, by inverse transformation, the system real
state vector can be constructed. From the observer equations set 3.49 the y,,9,_4, ...,y are
known. Then the %,, X,_1, ..., X can be calculated by following equations:

%, =T, 19, (3.50)

According to equation 3.36 the remaining state vectors can be calculated as follow:
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R [ -
fo =T | (351)
T T
Vro2
Ry =Tp 5" [ Ira1 (3.52)
TT—l T. —15}
T r
yr—3
. _ Pro2
2 g =Tp 3 T o L[ P ﬂ (3.53)
l r—1 Tr—ly\r J
[ y
£=T"1 'T 1 ) Yr-2. ' (3.54)
1 Tr_y~ T _1_1[ yr;1 ] |
| " 7.7 '9:1]|]

3.5 Observer robustness against system uncertainty

In this section the robustness of the proposed observer against system uncertainty is tested.
Consider a second-order linear equation in canonical form presented by equation 3.55, which
contains an unknown function £ (t) in the second line.

{ y=a1y+ by, +ciuy (3.55)

Y1 = azy + by + caup + f(0)

Where y is the system output and y, is the system state to be observed. The function f(t) can be
caused by the uncertainty in the system model or parameters. The corresponding observer

equation is:

{ Y =ay+ b9, +cuy — Lisgn(@ —y) (3.56)

V1 = @29 + by91 + couy — Lysgn(bitz), z = (Lisgn(@ — y))/(1 + s7)
The dynamic of the system error can be described by:
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{ é, = ase, + bie, — Lisgn(e,) (3.57)

é,, = azey + bye, — f(t) — Lysgn(by'z2)

In sliding mode the discontinuous control Llsgn(ey) will force ¢, and e, to zero. The

y

equivalent value of the discontinuous control Llsgn(ey) can be calculated:
(éy =ey = 0) = [Llsgn(ey)]eq =z = bye, (3.58)
Substituting equation 3.58 in the second line of equation 3.57 results:
éy, = azey + bye, — f(t) — Lzsgn(eyl) (3.59)

The discontinuous control LzSgn(eyl) will force ¢, and e, to zero. The equivalent value of

the discontinuous control L, sgn (e, ) can be calculated:

(é'y1 =e, = O) = [Lzsgn(eyl)] = —f(¢t) (3.60)

eq

Therefore the proposed observer has robustness against uncertain functions in the second line
of system equation 3.55. In order to check the proposed observer robustness against uncertain

terms in the first line of the system equation, consider equation 3.61.

Yy =a1y + by, + ciugs + g(o)
. 3.61
{J’1 = ayy + byy; + cou, ( )

The function g(t) can be caused by the uncertainty in the system model or parameters. The
corresponding observer equation is presented by 3.56. The dynamic of the system error can be

described by:

{ éy = asey + bye, — g(t) — Lysgn(ey)

3.62
&y, = azey + bye, — Lysgn(by'z) (3.62)

62



Chapter 3 Sliding Mode Observers

In sliding mode the discontinuous control Llsgn(ey) will force ¢, and e, to zero. The

equivalent value of the discontinuous control L, sgn(e,) can be calculated:
(éy =e, = O) = [Llsgn(ey)]eq =z =be, —g(t) (3.63)
Substituting equation 3.63 in the second line of equation 3.62 results:

éy, = aze, + bye,, — Losgn(ey, — bi'g(t)) (3.64)

The discontinuous control Lzsgn(ey1 — bytg(t)) cannot force é,, and e, to zero. Therefore
the proposed observer has no robustness to uncertain terms in the first line of the system

equations.

3.6 Simulation results

The *sliding mode observer using the equivalent control method’ can be used to observe the
states of a second order linear circuit shown in figure 3.4.

10.98mH, 0.562
00

i

e 1000 uF ==

1
&

L

Figure 3.4: Second order linear circuit.

The state space equation of the circuit is:

+ o [455 —91]x+[ 0 91]u
{ 1000 0 —1000 0 (3.65)
y=[1 0]x
Where:
_ il _ io
x—[vc], u—[es] (3.66)
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The observability matrix can be defined as:

0= [CCA] - [—415.5 —21] (3.67)

This observability matrix is full rank and system is therefore observable. In order to write the
observer equations using equivalent control method, equation 3.55 should be transformed into

the following canonical form where y and y, are scalars.

0 = 1000y — 1000, (69
Using a non-singular transformation T € R?*2:
T = [é 2] (3.69)
Where
2= [yyl | (3.70)
The observer equations for the system described in equation 3.68 can be defined as:
y = —45.59 — 919, + 91u, — Lysgn(ey)
$, = 10009 — 1000, — Lysgn (_Z—(;l) 2, = %m G710

By choosing L, = L, = 5000, the sliding mode will be guaranteed. The time-constant of the low-
pass filter is set to 0.0002s to have precise results. Figure 3.5 shows a simulation results for
the observer designed for the second order linear circuit. In figure 3.5(a) observed value of
line current i; or y and line current i; or y are presented. The observed value of capacitor
voltage v, or y; and capacitor voltage v, or y, are presented in figure 3.5(b). The chattering

effect can be seen on y; waveform. In figure 3.5(c) the discontinuous signal Llsgn(ey) and
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its equivalent value z; is shown. In figure 3.5(d) the discontinuous signal L,sgn (_2—911) IS

presented.
14 — :
/ N 1 ;
12 ;,\\ 777777777 Fommmmmm oo b
/ : \ : ObS(II)
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< gl Lol
- / | \ | |
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47‘5 77777777777 e P T
| | | |
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0 1 1 1
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Figure3.5(a) y and y
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Figure 3.5 (b) #; and y,, chattering can be seen on ; waveform.

The reaching time for the observed value of the inductor current is 8.45 ms and for the
observed value of capacitor voltage is 11.1 ms. After observed value of the inductor current

enters to sliding mode, the second-order system simplifies to a first-order system.
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Figure 3.5: simulation results for Sliding mode observer using equivalent control method with sgn

function.

The high frequency oscillation generated by sgn() function is shown in figures 3.5(c) and 3.5

(d). The waveform z, is the equivalent value of the L;sgn(e,,). A low-pass filter is used to

realize the equivalent value of L;sgn(e,).
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3.6.1 Observer using sat function

Chattering is undesirable in practical application because of the high control activity and other
associated problems. Unlike the sliding mode control, chattering in sliding mode observers is
only linked to the numerical implementation [40]. The problem of chattering can be solved by
using smooth control instead of on-off control. To achieve this goal a piecewise linear

approximation of sgn can be used, as shown in figure (3.6).

sat(x)

Boundary
Layer

Figure 3.6: sat function

In order to avoid the high frequency switching functions in sliding mode the sign function,
sgn, can be replaced by a saturation function, sat. By using the sat function instead of the
sgn function there will be two operating region for observer, these are the inside of the
boundary layer (—1 < x < 1) where sat(x) = x and the outside of the boundary layer
(x > 1 and x < —1) where sat(x) = sgn(x). The observer given in equation 3.71 with the

sat function becomes:

y = —45.59 — 919, + 91u, — 5000sat(e,)
Al ) (3'72)

$, = 10009 — 1000u; — 5000sat (_91

Since 5000sat(e, ) is a ‘smooth’ function, then the output of low pass filter is the same as its
input which means there is no need to implement the low-pass filter. Therefore z; can be
replaced by 5000sat(ey) .

z; ~ 5000sat(e,) (3.73)
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The final observer equation using sat function can be then written as:

y = —45.59 — 919, + 91u, — 5000sat(e,)
(3.74)

R . 5000
$1 = 10009 — 1000u; — 5000sat | —o- sat(ey)

The dynamic error signal is:

é, = —45.5e,, — 91e, — 5000sat(e,)

) 5000 (3.75)
éy, = 1000e, — 5000sat _—(nsat(ey)

According to figure 3.6 outside of boundary layer, (x < —1 and x > +1) the sat(x) and

sgn(x) are same. Inside the boundary layer (—1 < x < +1) the sat(x) function is:
sat(x) = x (3.76)

By using equation 3.76, equation 3.75 simplifies to:

{ é, = —5045.5¢, — 9le,, (3.77)

é,, = +275725¢,

The eigenvalues of the system in equation 3.77 are (—2523 + 4327i) which have large
negative real parts, guarantying the fast convergence of e, and e, to zero inside the
boundary layer. Figure 3.7 shows the simulation results for this revised observer. In figure
3.7(a) observed value of line current i; or ¥ and line current i; or y are presented. The
observed value of capacitor voltage v, or y; and capacitor voltage v, or y, are presented in

figure 3.7(b). As it can be seen, signal y; reaches to y, smoothly and there is no chattering. In
figure 3.7(c) the signal L,sat(e,) is shown and the signal L,sat (_L—;lsat(ey)> is presented

in figure 3.7(d).
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Figure 3.7 (b) ¥, and y,

According to simulation results in figure 3.7, there is no chattering or high-frequency
oscillation in waveforms. The observed values of inductor current and capacitor voltage

approaches to the real values smoothly.
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Figure 3.7: simulation results for Sliding mode observer using equivalent control method with sat

function.

The waveform of L;sat(e,) in figure 3.7(c) is quite similar to the waveform of z; in figure
3.5 (c). This confirms that using a sat() function in observer equation is equivalent of using a
sgn() function and a low-pass filter. In this example the simulation results confirm that using
a sat() function instead of sgn() function eliminates chattering and high-frequency

oscillations.
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3.6.2 Observer for the systems with uncertain terms

In this section the robustness of the proposed observer against uncertainty in system model or
parameters is tested. Consider the system equation presented by equation 3.78:

{ y = —455y —91y; + 91u,

¥, = 1000y — 1000w, + f(t) (3.78)

The corresponding observer equation is presented in equation 3.71. The simulation results are
presented in figure 3.8.
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Figure 3.8 (@) ¥y and , (b) ¥, and y;
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In figure 3.8(a) observed value of line current i; or y and line current i; or y are presented.

The observed value of capacitor voltage v, or y; and capacitor voltage v, or y, are presented

in figure 3.8(b). In figure 3.8(c) the discontinuous signal Llsgn(ey) and its equivalent value

is shown.
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Figure 3.8: simulation results for Sliding mode observer using equivalent control method for a system

with an uncertain term f(t).
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In figure 3.8(d) the unknown function f(t) and an estimation of f(t), (_[LZSgn(eyl)]eq)' is

presented. The simulation results confirm the robustness of proposed observer against
uncertainties in the form of equation 3.78. In This example, the unknown function £(t) can be
caused by variation in the capacitance value or measurement error in the current i,,. Therefore

the proposed observer is robust against uncertainty in capacitance value and current i,,.

3.7 Summary

In this chapter the theory of the sliding mode observers based on the equivalent control
method has been studied. In order to implement the observer, system equations are
transformed to a canonical form. The sliding conditions have been presented. In order to
avoid high frequency discontinuous signals a boundary layer sat function is used instead of
sign function. Finally simulation results for an example second order linear system using

MATLAB are presented to show the operation of the observer.
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Chapter 4

Sliding Mode Observer Implementation

4.1 Introduction

This chapter presents the implementation of the observer for the DC-link voltages of a two-
port cascaded H-bridge (CHB) multilevel converter. The sliding mode observer (SMO) using
the equivalent control method has been chosen as observation method. A switching model of
a single H-bridge converter has been used to design the SMO. First the SMO design is
described and the application to a single H-bridge converter is considered. The application of
the observer to the CHB multilevel converter is then discussed. The SMO design procedure
for a back-to-back topology is also explained. The effect of the DC-DC converter in the back-
to-back topology on SMO implementation is examined. Finally the SMO design and
application for a two-port power converter is described. Simulation results for SMO are
presented in each section of the chapter.
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4.2 SMO design for a single H-bridge converter

The H-bridge converter is the basic building block of the complete two-port power converter.
Therefore as a first step, the SMO will be designed and implemented on a single H-bridge
converter. The SMO using the equivalent control method has studied in detail in chapter 3.
The first step in the design of SMO is to build a mathematical model of the system. In a
system including an H-bridge converter the system mathematical model changes with the H-
bridge switching action. The mathematical model must take into account the switching state
of the H-bridge. The switching states S for the H-bridge converter are presented in table 4.1,

based on the H-bridge converter topology shown in figure 4.1.

I de

A
V.

Figure 4.1: The H-Bridge converter circuit

— Vdc

S

1 s1 is on and s, is off
0 s; ison and s, is on
0 s; is off and s, is off
-1 s; is off and s, is on

Table 4.1: The H-Bridge converter switching states

The switching state determines the relationship between the ac-side and the dc-side voltages
and currents. The H-bridge switching model is presented in equationl for the H-bridge

switching model diagram is shown in figure 4.2.

Vac = 5. Vac
lge = S.igc (4.1
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Slige

Lac
—

S. Vdc S T Vdc

Figure 4.2: The H-Bridge converter switching model diagram

The objective of the SMO design for the functional circuit shown in figure 4.3 is to observe

the capacitor voltage v, by measuring the inductor current i; and using knowledge of the

voltage source e, and load current i, as system inputs.

Iy

€s

Figure 4.3: The functional circuit of the H-Bridge converter

The equivalent circuit switch diagram is shown in figure 4.4.

I

Figure 4.4: The switching diagram of the H-bridge equivalent circuit

The circuit equation in state space form is:

x = Ax + Bu
{y = Cx (42
With
r 1 1
—7 ) 0 7
A= 1 B = 1 c=1[1 0] (4.3)
-S 0 -—— 0
c c
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Where x is the system state vector and u is system input vector and are defined as:

x = [fjc ] (4.4)
u= [;‘;] (4.5)

1 0
-r -1 ] (4.6)

The system is fully observable when the observability matrix O is full rank. Full observability
means that all the system states are observable. It can be seen that the observability matrix is
full rank only when S = +1. When S = 0 the rank of observability matrix becomes 1, which

means only i; is observable. The canonical form of the system equations is:

d
de't

d 1 . ]
Evc = E(Sll — i)

1
= _T(ril + Sv. —e;)
(4.7)

Based on observer design method discussed in chapter 3, the corresponding sliding mode
observer is presented at equations 4.8 and 4.9. For S = +1 both i; and v, are observable and

the observer equations are:

1
i, = _T(Til + Sv. —eg) — Lysat(i; —i;)

1
D = — (St — o) - Lysat(—ISLysat(i; — iy))

d
dt
d (48)

dt

Where i, and .. are the observed values for i; and v, respectively. For S = 0 only i; is observable

and the observer equations are:
d .
= _T(ril —es) — Lysat(f; — i)
at (4.9)

1 .
avc = E(Sll — o)
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The simulation results for the circuit in figure 4.3 with = 11mH , r = 0.5Q and ¢ = 1000uf
are shown in figures 4.5 and 4.6. According to sliding mode condition explained in chapter 3
by equation 3.19, the observer gain L; = 5000, L, = 5000, which guarantees the sliding
mode condition. The complete design of the SMO for system in figure 4.3 is presented in

equation 4.10.

d

d_il = —91(0521 + Svc - es) - SOOOSat(il - ll)

dt (4.10)
Eﬁc = 1000(S%; — i,) — 5000sat(—55Ssat (i, — i;))

150

100

a
o

Voltage(V), Current(A)

Time(sec)

Figure 4.5: Source voltage, converter voltage and inductor current for the H-bridge
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Figure 4.6 (a): The measured and observed values of capacitor voltage.
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20
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(b): The measured and observed values of inductor current.
Figure 4.6: The measured and observed values of the system variables.

The simulation results are shown in figure 4.6. The reaching time for observed value of the
capacitor voltage is 50ms. In the sliding mode, the observed value and measured value of
capacitor voltage matches perfectly. Simulation result confirms the correct operation and
accuracy of proposed observation method for H-bridge converter. As explained in sections 3.5
and 3.6.2, the proposed observer for the H-bridge converter will have robustness only against
variation in capacitance value and measurement error in load current i,,. Any other uncertainty
in the system parameters or in system model like voltage drop across IGBTs will result in
error in the observer output. Therefore in practical implementation of the observer, the voltage

drop across IGBTSs is modelled. This is presented in section 6.2.

4.3 SMO design for the cascaded H-bridge converter

In section 4.2 a sliding mode observer has been designed and successfully implemented on a
single H-bridge converter. The complete two-port power converter is a multilevel converter
comprising of cascaded H-bridge converters. Therefore it is necessary to evaluate the
applicability of the proposed observer for cascaded H-bridge (CHB) multilevel converters.
The topology and the switching model diagram of a two-level converter are shown in figure
4.7.
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+
.—:_Vd(\v> Iy
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(a): The converter topology

f

Sri

(b): The switching model diagram

Figure 4.7: The two-level CHB converter

The circuit equation for the CHB converter in state space form is:

X = Ax + Bu
{y _ox (4.11)
The system state vector , input vector u and constant matrices are defined as:
7]
x = [vcl (4.12)
VUe2
lo1
u = |ipy (4.13)
e |
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-r =5 =S, - 17
T T T 0 7
S, 1
A== 0 0 B=|-= 0 C=1[1 0 0] (4.14)
C C
S
— 0 0 0 0

Based on the switching states S; and S, there are four operating modes for the CHB topology

shown in figure 4.7 as given in table 4.2.

S, S,
Mode-1 D xD
Mode-2 D 0)
Mode-3 (0) D
Mode-4 (0) (0)

Table 4.2: The two-level CHB converter operation modes.

During mode-2 and mode-3 there is only one H-Bridge connected to the supply and the other
H-bridge is not in circuit. The observer design method for mode-2 and mode-3 is exactly
same as method used for the single H-bridge converter in the previous section. During mode-4
both H-bridges are out of circuit and system is not observable. Before designing the SMO for
mode-1 the system observability is checked. The system observability matrix during mode-1

is presented in equation 4.15.

1 0 0

C —r =-S5 =5
O=|CA|= l l ! (4.15)

CA? r2 ($1)?2 ()P rSy S5,

[2 lc lc 12 [2

The observability matrix 0 is full rank when its determinant is not zero. The determinant of
equation 15 is calculated in equation 16 and it is equal to zero which means matrix O is not
full rank. Therefore for mode-1 the system is not fully observable.
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r515; 1515

det (0) =~ E (4.16)

Hence during mode-1 none of capacitor voltages can be observed. The capacitor voltages can

only be observed when there is one H-bridge connected to the supply and all the other H-

bridges are out of circuit.

The switch model diagram for a 3-cell CHB converter is shown in figure 4.8. The system

equations for this three-cell CHB converter are presented in equation 4.17.

— S/.i[

Lr + +
S ver S] ¢ Vel io]

So.dp

+ +
€s @ Sg. Ve2 SZ 9 Ve2 ioZ

S3.i;

Sg.ch ;3 9 Ve i03

Figure 4.8: The switching model diagram of a three-level CHB converter

d 1
Eil = _T(Til + Sl.vcl + Sz.vcz + 53.1]63 - ea)
d 1
avcl = E (8111 —ip1)
14 ‘ (4.17)
EUCZ =—(82-1; — io2)
d 1 o
KEUC?’ - (53- L — 103)
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In a three-cell CHB converter, based on switching states of each H-bridge, there will be eight
operating modes. The operating modes for the three-cell CHB converter are listed in table 4.2.
As it can be seen, each capacitor voltage is observable only when the associated H-bridge is in
circuit and other H-bridges are shorted. Obviously this time interval decrease as the number of

cells increases.

S1 S, S; | Observable DC-link voltages
Mode-1 | (+1) | (£1) | (£1) None
Mode-2 | (£1) | (1) | (0) None
Mode-3 | (+1) | (0) | (+1) None
Mode-4 | (£1) | (0) | (0) Veq
Mode-5 | (0) | (£1) | (£1) None
Mode-6 | (0) | (1) | (0) ez
Mode-7 | (0) | (0) | (1) Ve3
Mode-8 | (0) (0) (0) None

Table 4.2: The operating modes for the three-cell CHB converter.

For mode-4 only v., and i; are observable, shown by the observer equations presented in

equation 4.18.

H)

(d 1 o A
= _T(rll +S1.0c1 — eq) — Lysat(i; — iy)
i (4.18)
a’e

1 -1
= - (Sl il - iol) - Lzsat <_L1$at(il - ll)>
c S1

For mode-6 only v., and i; are observable, shown by the observer equations presented in

equation 4.19.

dt l

d

d 1
I i, =—=0t +S,. 0., —eg) — Lysat(i; — iy)
. 1. . —l .
lavcz == (S,.1, — ipp) — Lysat ngsat(Ll — i)

(4.19)

For mode-7 only v.; and i; are observable, shown by the observer equations presented in

equation 4.20.
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d 1

Eil = _T(ril + S3.0c3 — €q) — Lysat(i, — i)

d 1 o —1 o (4.20)
LEUC3 = 2(53. 8, —iy3) — Lpsat S—3Llsat(11 — i)

For the other modes only i; is observable. The SMO equation for i; is:

1
il = —T (Til + Sl'ﬁcl + Sz. ﬁCZ + 53. ﬁCS - ea) - Llsat(il - ll) (421)

S~

The observer equation for 9., ¥., and 9.3 during unobservable modes 1, 2, 3, 5 and 8 are

shown in equation 4.22.

d _ 1 A

(Evcl = ;(51-11 - lol)
d 1 o] .

Tl = ;(52- I = ip2) (4.22)
d

D

3 == (S3.1 — ip3)
C

QU
~

During the unobservable modes, the voltage observer equations are a pure integrator. During
these modes the voltage observer equations track the voltage ripples without trying to
eliminate the offset between observed values and measured values. During these modes there
is voltage drift in observed values and any uncertainty in capacitance value or any
measurement error in currents will increase the voltage drift. The unobservable states increase
as number of cell increases.

The sliding surface is (i; — i;). The gains L, and L, should be chosen in a way to guarantee
the reaching and sliding mode conditions as explained by equations 3.14 to 3.19 in chapter 3.
The simulation results for the system with [ = 11mH, r = 0.5Q and ¢ = 1000uf are shown
in figures 4.9 and 4.10. The observer gains L; = 5000 and L, = 5000 guarantees the
reaching mode and sliding mode condition for this example. The designed SMO equation for

v, In this example during mode-4 are presented in equations 4.23.

d
ail = _91(05il + Sl'ﬁcl - ea) - SOOOSat(il - ll)

d (4.23)
l—ﬁcl = 1000(S;.%; — ip1) — 5000sat(—55S;sat(i; — iy))

dt
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For all the other modes:

d
ail = —91(05il + Sl'ﬁcl + SZ'ﬁCZ + 53'963 - ea) - SOOOSQt(il - ll)

d (4.24)
L 7 Der = 1000(5. 8 — i)
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Figure 4.9: Source voltage, converter voltage and inductor current

The distorted converter voltage in figure 4.9 is because of unequal dc-link voltages.
Unbalanced loads are applied to the dc-links to have three unequal dc-link voltages. By
having different dc-link voltages, it is possible to evaluate the efficiency of the designed

observer in observing each dc-link voltage.
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: l l
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Time(sec)

Figure 4.10(a): The measured and observed values of dc-link voltages.
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Figure 4.10(b): The measured and observed values of line current.

The reaching time for observed values for dc-link voltages is about 65ms. In sliding mode,
the observed value and measured value of the dc-link voltages are identical. Simulation result
confirms the correct operation of proposed observation method for cascaded H-bridge

converter.

4.4  SMO design for the three-phase CHB multilevel converter

The efficiency of the sliding mode observer using the equivalent control method for cascaded
H-bridge converters has been shown in previous sections of this chapter. Almost all of works
and researches in the field of application of observers on power electronic circuits have been
done on single phase circuits. Application of SMO on three-phase power electronic converters
is a new research area. The main issue in the three-phase power converters is the lack of direct
voltage measurement of the floating node n. The SMO implementation on three-phase power
converter is addressed in this section. The switching model of a three-phase CHB multilevel

converter is shown in figure 4.11.
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Figure 4.11: The switching model of a two-level CHB multilevel converter

The three-phase voltage equations for this converter are:

eq = +15)ig +S1v.1 + SV + S3v.5 + 1y,
ep = (T' + l S)ib + S4_'l7c4 + 551765 + SGUCB + Un (425)
e. =T +18)i.+ S;v.7 + SgVeg + SgVpg + Uy,

For a balanced three-phase system v, is defined as:

9
1
Up = —§Z Sivci (426)
i=1

The three-phase equations for this converter in state-space form are presented in equations
4.27, 4.28 and 4.29.
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(d . 1
ol —T(Tla + 8.V + S0.Vep + S3.V03 —eq + 1)
d 1
—Ve1 == (S1-lg — ip1)
J d; ¢ (4.27)
Evcz = E(SZ- lq = lo2)
d 1 _ )
kdt VUez = C (53- la — 103)

%ib = —%(rib + S4. Vs + S5. Vs + Sg. Vg — € + V)
< %vm = %(54- ip = loa)
d 1 . . (4.28)
%UCS = Z(SS- ip — lo5)
d 1 . ]
Evcé = c (Se-ip — lo6)

r(d 1
Tl —T(ric + S5. V.7 + Sg.Veg + Sg. Vg — €0 + Uy)
d 1
dt 7 Ve7 = C (57- ic - io7)
{ d 1 (4.29)
dt 7 Vcg = C (58- ic - ios)
d 1 ) )
L va = 2(59- le — 109)

The corresponding observer equations for v, in phase-a is shown in equations 4.30 and 4.31.

—_

(4.30)

(d 1 °
J%ia =7 rig + S1.0¢ — §Z — Lysat(i, —iy)
i=1

D1 = _(51 B — io1) — Lysat(—1S;Lysat(iy — iy))

Equation 4.30 is valid for (S; = 1 and S, = 0 and S; = 0) and equation 4.31 is valid for
all other modes.

9
1
E =——<rla+25va— —§Z 9) Lysat(iy — iq)

d _ 1 . .
ka Ve = E(Sl- lg — lol)
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The SMO equations for all the other capacitor voltages can be derived in the same way. The
simulation results for the system with [ = 11mH, r = 0.5Q and ¢ = 1000uf are presented in
figures 4.12 and 4.13. The observer gains L; = 5000 and L, = 5000 guarantees the sliding
condition. The designed SMO equation for v, for (S; =+1and S, =0 and S; =0 ) are

presented in equations 4.32 and 4.33.

9
d 1
e =91 (0.5ia + 8.0 —e€q — 52 siaci> — 5000sat(i; — iy)

= (4.32)

d
l%ﬁcl = 1000(S;.1, — ip1) — 5000sat(—55S8;sat(iy — iy))

For all the other modes:

dt

3 9
d 1
2, =-91 <o.sza + Z S0y — e — §Z Siaa) ~ Lysat(iy — iy)
= ; (433)

=1

d
Evcl = 1000(31.la - iol)

S
(0]
(@)
S
) |
> l
20 - - mmm e
J‘ : : Obs(v,,)
|
ol E— ] ool
! | | Obs(v.,)
_20 | | 1
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Time(sec)

Figure 4.12: The measured and observed values of the capacitor voltages in phase-a of the three-phase,
three-cell CHB converter
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Current(A)

.62 0.63 . 0.65
Time(sec)

Figure 4.13: The measured and observed values of the line current in phase-a of the three-phase, three-

cell CHB converter

The reaching time for observed values for dc-link voltages is about 68ms. In sliding mode,
the observed value and measured value of the dc-link voltages are identical. Simulation result
confirms the correct operation of proposed observation method for three-phase, three-cell H-
bridge converter.

4.5 SMO design for the back-to-back converter topology

So far it has been shown that the proposed SMO is successfully applicable for cascade H-
bridge converters and three-phase multilevel power converters. The two-port power converter
consists of back-to-back converters with isolation DC-DC converter. Therefore it is necessary
to prove the applicability of the SMO for the back-to-back converter topology. The structure
of a back-to-back converter topology is shown in figure 4.14. The switching model diagram

of the back-to-back topology is presented in figure 4.15.
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Figure 4.15: The switching model for the back-to-back converter topology

The canonical form of the system equations is given in equation 4.34.

d . .
= —7(”11 + S1vc — €51)
d 1 (4.34)
FTAChS ;(511'11 + S2i12)
The corresponding sliding mode observer can be written as:

d, . R L

PT S (riyy + $10c — es1) — Lysat(iyy — iq)

; (4.35)

1
aﬁc - ;(Slill + SZiIZ) - Lzsat(_llelsat(ill - ill))
The simulation results for the system with = 11mH , r = 0.5Q and ¢ = 1000uf are
presented in figures 4.16 and 4.17. The ports of the converter are connected to voltage sources
with different frequencies. The supply frequencies are 50Hz and 60Hz. The observer gains

L, = 5000 and L, = 5000 guarantees the sliding condition.
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(4.36)

0.65

+ SlﬁC - 651) - SOOOSQt(ill I’ll)
Time(sec)

ln

= 1000(S; 1y, + Szi;2) — 5000sat(—55S;sat(iyy — i1))

=—-91(0.5

~

|

0.65
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d
d
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Figure 4.16: Source voltages, converter voltages and inductor currents at each port.
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Figure 4.17: Measured and observed values of system states.

The reaching time for observed values for capacitor voltage is about 67ms. In sliding mode,
the observed value and measured value of the capacitor voltage are identical. Simulation
result confirms the correct operation of proposed observation method for the back-to-back
converter topology.
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4.6 SMO for the back-to-back topology with a DC-DC converter

The back-to-back converter with DC-DC converter is the building block of the two-port
power converter. The sliding mode observer has been successfully implemented on a back-to-
back converter in previous section. In this section the applicability of the sliding mode
observer on the back-to-back topology with isolation DC-DC converter will be evaluated. The
structure of the back-to-back topology with DC-DC converter is shown in figure 4.18.

i i
— P

BRI <
TR

Figure 4.18: The back-to-back topology with isolation DC-DC converter

Lr lr

(=] €52

The SMO design for the back-to-back topology was described in previous section. The effect
of adding the isolation DC-DC converter on the SMO equations is considered in this section.

The DC-DC converter topology is shown in figure 4.19.

i Sarin R

oo
it

Figure 4.19: The DC-DC converter topology

The basic operating principles of the DC-DC converter are explained in Chapter 2. The ij,
and i;, currents are almost equal if losses and magnetising current are ignored. The leakage
inductance of the medium frequency transformer with 1:1 turns ratio in the DC-DC converter
is small therefore the DC-DC converter operates with only a small phase shift. Having a small
phase shift means that the terminal currents S;,i;; and S;,i;, are almost equal. The terminal
voltages of the DC-DC converter are also almost equal, therefore the following assumption

can be stated:

94



Chapter 4 Sliding Mode Observer Implementation

Vel ® Ve

Sa1in = Sazin (4.37)

The switching model diagram of the DC-DC converter is presented in figure 4.20
by

i Saniy —> Saz-i lou

T Sar Saz ‘T
i -

I
Figure 4.20: The switching model diagram DC-DC converter

Where [; is the leakage inductance of the transformer. Using equation 4.37 a simplified
functional model of switching diagram of DC-DC converter can be derived. This simplified

model of the DC-DC converter is presented in figure 4.21.

Figure 4.21: The simplified model of DC-DC converter

The switching model diagram of the back-to-back topology with a DC-DC converter is shown

in 4.22 and the corresponding simplified switching model is presented in figure 4.23.

iy i

Srdn Sarin - Saziiz Saip <—
+J_ I J_-l- + Lr
S] Ver _|_ c Sd] SdZ c _|_v(_» S2 So.ver €52

Figure 4.23: The simplified model for the back-to-back topology with an isolated DC-DC
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The canonical form of the system equations can then be defined:

d 1
aill = —T(Tiu + S1Vc1 — €51)
g | (4.38)
qi vt = Z(Slill + S2l12)
The corresponding sliding mode observer is:

d . 1 ) o

PTA S (rip + $10c1 — e51) — Lysat(@yy — i)

d (4.39)

1
aﬁm = 2—C(51il1 + S3i12) — Lpsat(=1S1Lysat(iy — i)
The simulation results for the system with = 11mH , r = 0.5Q and ¢ = 1000uf are
presented in figures 4.24 — 4.26. The ports of the converter are connected to voltage sources
with different frequencies. The supply frequencies are 50Hz and 60Hz. The observer gains

L; = 5000 and L, = 5000 guarantee the sliding condition.
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Figure 4.24: The voltages across the DC-DC converter terminals.
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(a): Source voltage, converter voltage and inductor current at port-1.
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(b): Source voltage, converter voltage and inductor current at port-2.

Figure 4.25: The back-to-back converter waveforms.

As it can be seen in figure 4.24 the ripple frequencies of two capacitor voltages are different
because of the different supply frequencies. The supply voltage, converter voltage and line
current for each port are shown in figure 4.25. The power flow direction is from port-1 to
port-2. This is obvious as converter voltage lags supply voltage in port-1 which means that the
converter is in rectification mode and the supply voltage lags the converter voltage in port-2

which means that converter at port-2 is in inversion mode.
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(a): Capacitor voltage.
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(b): line current.

Figure 4.26: Measured and observed values of system variables.

The reaching time for observed values for capacitor voltage is about 66ms. In sliding mode,
the observed value and measured value of the capacitor voltage are not quite identical. This is
because of DC-DC converter and approximation made in observer equations. Simulation

result confirms the correct operation of proposed observation method for the back-to-back
converter with DC-DC converter.
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4.7 The Sliding mode observer for the complete two-port power

converter

The efficiency of ‘sliding mode observer using the equivalent control method” for three-
phase, three-cell power converter and back-to-back converter with DC-DC converter has been
proved in the earlier sections of this chapter. The two-port power converter is a combination
of converters which has been considered so far. In this section the sliding mode observer will
be designed and implemented on a complete two-port power converter. The structure of the

complete two-port power converter is shown in figure 4.27.
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]

iy
A

DC-DC

=53

DC-DC

¥

DC-DC

¥

DC-DC

¥

DC-DC

¥

DC-DC

]

(b) Converter topology

2

S | S |
Sl

M%M
T T Tem e Tem e

Figure 4.27: The two port power converter.



Chapter 4 Sliding Mode Observer Implementation

The two port power converter comprises of nine modules. Each module includes a back-to-
back converter with a DC-DC converter isolation stage. In order to simplify the mathematical
model of the two-port power converter, each module will be replaced by the model described
in figure 4.23. This will result in the simplified model of two-port converter presented in
figure 4.28.

Port-A

2¢
L}
| T |

|
| T
2¢

Figure 4.28: The simplified switching model of the two-port power converter.

The effect of port-B on observer equations can be modelled by current sources. The final

model of the two-port converter used to design the SMO is presented in figure 4.29.

€p

€q

Port-A

Sog.1c2

Figure 4.29: The simplified switching model of the two-port power converter
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The three-phase voltage equations at port-A are:

g1 = (r+18)igy + S1Veq + SV + SV + vy
€p1 = (T' +1 S)ibl + S4UC4 + 5517C5 + Sév% + Un (440)
ecl = (T + l S)icl + S7UC7 + Ssvcg + ngcg + Un

In a balanced three-phase system v, is:

9
1
Up = —§Z Sivci (441)
i=1

The three-phase equations in state-space form are presented in equations 4.42, 4.43 and 4.44.

d . 1
%lal = _T(rlal + Sl.vcl + Sz.vcz + S3.Uc3 - ea1 + vn)
d 1 (5.1 Sininn)
7 Vc1 = 57 WO1-lg1 — 911 la2
ddt 21c (4.42)
Evcz = Z_C (S2.ig1 — S22-1p2)
d 1 ) )
gt '3 = 5(53- lq1 = S33-ic2)
d . 1
Elbl = —T(lel + S4-'UC4- + 55.1]05 + SG.UC() — €p1 + Un)
d 1 (S,.1 Suri)
T2 Vea = 5704 lp1 — O44:-lg2
g 2c (4.43)
pra (Ss-ip1 — Sss-1p2)
d 1 ) .
avcs = Z(Ss- ip1 — See-ic2)
d .
qila = —7(”(:1 + 87.Vc7 + Sg.Veg + Sg. Veg — €c1 + V)
d 1 (5,1 i)
7 Ve7 = 57071 — 97712
g o (4.44)
Evcs = z(ss- ic1 — Sgg-ip2)
d 1 . )
\qe 7o = _C(39- fc1 = So9-ic2)
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The corresponding observer equations for v, in phase-a are presented in equations 4.45 and

4.46. For the mode where S; = +1 and S, = 0 and S; = 0 the observer equations are:

9
d 1 1 )
Elal = _T<Tla1 +51.0c1 —eq1 — §Z Si”ci) - Llsat(lal - lal)
i=1 (4.45)
d 1 ] ) ]
LE Ver = 57 (S1-la1 = S1-1a2) = Lasat(=1S;Lysat(las — iq1))
For all the other modes:
(d 1 ° 1w
Eial = _T<ria1 + Z Siﬁci —€q1 — §Z Siﬁci> - Llsat(ial - ial)
e~ —~ (4.46)

1 .
7 Vc1 = Z(Sl' a1 — S11-la2)

The SMO equations for all the other capacitor voltages can be derived in the same way. The
simulation results for the system with = 11mH , r = 0.5Q and ¢ = 1000uf are presented in
figures 4.30 and 4.31. The observer gains of L; = 5000 and L, = 5000 guarantees the
sliding condition. For example the SMO equations for v, for the mode where S; = +1 and

S, = 0 and S; = 0 are presented in equations 4.47 and 4.48.

9

d 1

_Iial =-91 (0.5Il\a1 + Sl' {)Cl — €41 — §2 Siﬁci> - 50005at(’ia1 - ial)
i=1

dt (4.47)
d
Eﬁﬂ = 500(S;. 141 — S11-iaz) — 5000sat(—558;sat(iq; — iq1))
For all the other modes:
d ° 1%
Tig =91 <0.52a1 + Z S0y — eqy — §Z Siﬁci) — 50005at(iy; — igy)
£ =i (4.48)

d ) .
kavcl = 500(S1-8q1 — S11-lg2)
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Figure 4.30: The measured and observed values of the capacitor voltages in phase-a of port-A of the

two-port converter
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Current(A)

Time(sec)

Figure 4.31: The measured and observed values of the line current in phase-a of port-A of converter

The simulated system has lots of nodes and equations. For such a complex model, the
simulator fails to produce the precise results. Therefore to decrease the system model
complexity and to have precise results, the voltage v, is measured directly instead of using
equation 4.41. The reaching time for observed values for capacitor voltage is about 67ms. In
sliding mode, the observed value and measured value of the capacitor voltage are not quite
identical. This is because of DC-DC converter and approximation made in observer equations.
Simulation result confirms the efficiency of proposed observation method for the complete

two-port power converter.

4.8 Summary

In this chapter the sliding mode observers based on the equivalent control method have been
applied to the complete two-port power converter. The switching model for the H-bridge
converters has been used to design the SMO. The switching model has been extended to the
single-phase CHB multilevel converter. The observability of the variables in the single-phase
CHB multilevel converter has been examined. Then the SMO equations were derived for the
three-phase one-port CHB multilevel converter. The effect of adding the DC-DC converter
on observer equations for the back-to-back topology has been explained. Finally SABER
simulation results for the two-port power converter have been presented. The simulation
results confirm that the selected observer techniques are suitable for this power converter

application.
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Chapter 5

Experimental Power Converter

5.1. Introduction

In order to experimentally validate the proposed observer, a three-phase three-cell power
converter prototype has been constructed. This chapter presents details of the construction and
structure of experimental power converter as well as the practical results. First the power
converter structure is explained, in details: then the digital and analog control units are

explained in detail. Finally the experimental results of the power converter are presented.

5.2.  Layout of experimental power converter

As explained in Chapter Four, the port-A voltage equations are enough to construct the
observer equations for a two-port power converter. From the observer equation’s point of
view, port-B is just a load. Therefore to keep the prototype simple, port-B of the power

converter is connected to a resistive load. This assumption does not affect the observer
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equations. The block diagram and a photograph of the experimental power converter and the
digital control unit are shown in figures 5.1 and 5.2 respectively. The prototype has three

main units including a power converter unit, voltage and current transducers unit and a digital

control unit.
DC-DC
) Port-A % # S
i
- s . Port-Bis
M_W_ J . : connected to
: : resistive load
T !
N N
Fibre Optic {} Vei~Veo Analog controller ;I/V511~VC99
Optic
Transducer interface Transducer
\l/ \l/ Gate Signals \l/
A/D A/D

HPI |®|  DSP-(TMS320C6713)

Figure 5.1: Block diagram of complete power converter and digital control unit

As it can be seen in figure 5.1, the dc-link voltages are measured to control the DC-DC
converter. The main reason to observe the same voltages is to have redundant information

about dc-link voltages to increase system reliability.

The power converter comprises of three 11mH line inductances and nine power modules.
Each power module includes an H-bridge, two 1000uF dc-link capacitors and a DC-DC
converter. The DC-DC converter is composed of two H-bridge converters across a medium-
frequency transformer and an inductor. Each DC-DC converter has its own analog PI
controller card. The PI controller is implemented using op-amps and passive elements. The
1200V and 30A Semikron SK30GH123 IGBT module is used for the H-bridge converters.
The H-bridge gate drive circuit is equipped with a dead-time circuit to protect the device from
short circuits in any H-bridge leg.
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The voltage and current transducers measure the three-phase voltages and currents at port-A
and nine dc-link voltages. The LEM LV 25-P and LEM LA 55-P transducers are used to
measure the voltages and currents respectively.

Power Fiber-Optic
Converter

i

SN WP R s

Transducers Digital control unit

Optic (FPGA, DSP, HPI
Interface and A/D)

Figure 5.2: The complete power converter and digital control unit

The power flow between the supply and the power converter is controlled digitally. The
digital control unit comprises of a high-performance floating-point TMS320C6713 DSP
board, two ACTEL ProASIC3 FPGAs, a Host port interface (HPI) daughter card, twenty
fourteen-bit A/D converters and a digital to optic interface board. The measured voltages and
currents by transducers are transformed to digital values by A/D converters and are
transferred to DSP through FPGA. The voltage control loop, current control loop and
capacitor voltage balancer equations are written in discrete form in the DSP code. The Tustin
method is used to transform the continuous equations to discrete form. The PSCPWM
technique is implemented on the FPGA. The sliding mode observer equations are
implemented on FPGA in a fixed-point format using the VHDL language. Because of the size
of the power converter, there is a large distance between the control unit and the IGBTs. To

eliminate noise effects, the gate signals are transformed to optical signals and then sent to
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IGBT modules by fiber-optics. The design of the power converter, transducer and digital

control unit are explained in detail in the following sections.
5.3.  Current and voltage transducers

The LEM LV 25-P and LEM LA 55-P transducers are used to measure the voltages and
currents respectively. The LEM LV 25-P is capable of measuring voltages up to 600V and
LEM LA 55-P can measure currents up to 70A. The transducers provide galvanic isolation
between the power circuit and the control unit. The output of both voltage and current
transducers are in the form of current to reduce the noise effect on the measured signals while
they are being transmitted to the control unit. The LEM LV 25-P and LEM LA 55-P

transducer schematics are shown in figures 5.3 and 5.4 respectively.

+15V
ov
-15V

CHT

Figure 5.3: The LEM LV 25-P voltage transducer schematic.

+15V
ov
-15V

Figure 5.4: The LEM LA 55-P current transducer schematic.

In figure 5.3 the value of R; depends on the maximum measured voltage across +HT and —

HT. The nominal value of the current flowing through resistor R,, I,, is 10mA. The

pl
conversion ratio between the primary and secondary current for the LEM LV 25-P is:
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I

— =25 (5.1)

I
The overall accuracy of transducer is around +0.9 % at 25°C. For the current transducer,
LEM LA 55-P, the number of turns at the primary side depends on the magnitude of the
current to be measured. The nominal primary current for current transducer is 50A. To

measure a current of 5A, the transducer needs to have 10 turns on the primary winding. The
conversion ratio between the primary and secondary currents for the LEM LA 55-P is:

IS

= =0.001 (5.2)
IP

LA 55-P R,

LV 25-P

N 15V Supply

3-phase Supply

Figure 5.5: The measurement unit with voltage and current transducers

The measuring resistance R,, (burden resistor) is placed on the FPGA board. The measuring
resistor value depends on the transducers secondary current and the maximum allowable
voltage at the A/D inputs. The complete measurement unit including the current and voltage
transducers is shown in figure 5.5.
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5.4. Power converter module

Each power module comprises of an H-bridge rectifier at port-A, two dc-link capacitors, a
DC-DC converter and a resistive load. The block diagram, circuit diagram and photograph of
a power converter module are shown in figures 5.6 and 5.7. The H-bridge at port-A act as
controlled ac-to-dc rectifier. The DC-DC converter equalizes the two dc-link voltages at its
terminals. Its main role is to provide galvanic isolation between port-A and the load. The DC-
DC converter includes two H-bridge converters, one medium frequency transformer, one
inductor and an analog controller card. The basic operation principle of a DC-DC converter

was explained in chapter-2.

— I\ DC DC

— 1 AC DC

Figure 5.6(a): Block diagram of a power converter module

DC-DC Converter

<X __J@ [« J@__
ETAETRIr T

Figure 5.6(b): Circuit diagram of a power converter module
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DC/DC
Converter

Transformer
&
Inductor

DC-Link
Capacitors

H-Bridge
Port-A

Figure 5.7: Power converter module

The DC-DC converter uses a switching frequency of 5 kHz. The circuit diagram of the DC-
DC converter and the control scheme is shown in figure 5.8. The main controller units are the
measurement section, Pl regulator section, 10 kHz saw-tooth waveform generator, two
comparators and two negative-edge-triggered JK flip-flops.

T
o | )

weerom [} 27 Ui

[
—
=

+

+ ) dk
Vei Ccac(s) + _>K 3
) Comparators

Veii
Figure 5.8: The circuit diagram for the DC-DC converter and controller.

Where v,; and v; are the primary and secondary dc-link voltages across DC-DC converter.
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A square wave generator circuit is used to generate a 10 kHz saw-tooth waveform, as shown
in figure 5.9. Having an ideal op-amp with infinite slew rate, the output of the circuit in figure
5.9 would be a square wave but using a non-ideal LM741 op-amp with a limited slew rate of

0.5 V /us, results a saw-tooth waveform at the output of the square wave generator circuit.

Ideal Op-Amp with
infinite slew rate

JUUU

LM741 Op-Amp with
finite slew rate

In—=

Figure 5.9: The saw-tooth waveform generator circuit.
The PI regulator is implemented using LM741 op-amps and passive elements. The practical

PI regulator circuit is shown in figure 5.10. The relationship between the inputs and the output
voltages of the PI controller in figure 5.10 is:

200 = (K, + ) (vex (0 = vens ) (53)

100K

— K
1 A (K5 4V

Figure 5.10: The practical PI regulator implementation.
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The proposed controller is capable of bi-directional power flow control. The Pl-regulator
controls the phase shift between ac voltages across the transformer and the inductor. The DC-

DC controller card is shown in figure 5.11.

DC-link Voltage
Measurement

PI controller

+5V supply
Input

Signal
generator

10kHz
Sawtooth
Waveform

Generator Gate Signals

Ouput

Figure 5.11: The DC-DC converter control card.

The leakage inductance of the transformer is not big enough to provide all the required
inductance so an additional inductor is added in series with the transformer. An ETD59 ferrite
core is used to build the medium-frequency transformer and inductor. The ETD59 ferrite core
and the associated dynamic magnetization curve are shown in figures 5.12 and 5.13

respectively.

Figure 5.12: The ETD59 ferrite core.
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Dynamic magnetization curves Dynamic magnetization curves
(typical values) (typical values)
(f=10kHz, T =25 °C) (f=10kHz, T =100 °C)
EEA FAL0618-M FEA FAL0B20-Q
I IV
mT e mT
L
B 7 B
bool 1/ oo
| S4UU | SuUy
300 300
200 200
100 100 ﬂ
0 0
-200 0 200 400 600 800 1000 A/m 1400 -200 0 200 400 600 800 1000 A/m 1400

Figure 5.13: The ETD59 ferrite core dynamic magnetization curve.

According to figure 5.13 the maximum magnetic flux density, B, t0 avoid magnetic
saturation should be less than 350mT and is set to B = 200mT. The RMS value of the
applied voltage to the transformer is V,,,,, = 100V with a frequency of f = 5kHz. The cross
section area of the ETD59 ferrite core is A, = 368mm?. According to these design

requirements the transformer windings number of turns can be calculated using equation 5.4.

N = Vims 100 _
" 444 x fA,B 4.44 x 5000 x (368 x 1076) x (200 x 10-3)

62  (54)

The size of wire used for the transformer winding is 16 SWG, with a current rating of 2.74 A
and a diameter of 1.5mm. The skin depth for a copper wire carrying a current of 5 kHz at

100°C and 25°C are:

2(pew)100°c 2Xx(23x1079)
.= - = 1.07 .
S100°c j Oty (27 % 5000) x (4 x 10-7) _ 1:079mm (5:5)
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2(Pe) ps°c 2 x (17.3 X 10-9)
8o = - ~ 0.936 5.6
25'c j YT (27 X 5000) X (47 x 10-7) mm (5.6)

Where p,, is the resistivity of copper, w is the angular frequency of current and u,.u, is the
permeability of the copper. The skin depth is bigger than wire radius, which means that the

selected wire diameter is suitable and there is no need to use litz wire.

Practical results from the DC-DC converter capacitor voltages are shown in figures 5.14 and
5.15. The steady state results in figure 5.14 confirm the correct operation of designed
converter and controller. The response of DC-DC converter to a step change is shown in
figure 5.15. Figure 5.15 confirms the good voltage tracking of DC-DC converter under step

change condition.
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Figure 5.14: The DC-DC converter practical results in steady-state.
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Figure 5.15: The DC-DC converter practical results for step-change condition.

The H-bridge converter uses a Semikron SK30GH123 H-bridge module with four IGBTS,
diodes and the associated gate drive circuits. Each IGBT is rated at 1200V, 30A and is
capable of switching at frequencies up to 20 KHz. The H-bridge converter is shown in figure
5.16.

Enable Signal
Output

Gate Driver
Circuit

Enable Signal
[nput

"~ Gate Signal Input
&
+5V Supply Input
Terminal 4 Optical
Gate Signals
[nput

Optic
Interface

Figure 5.16: The H-bridge converter.
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The Semikron SK30GH123 H-bridge module is shown in figure 5.17.

Figure 5.17: The Semikron SK30GH123 H-bridge module.

The simplified circuit diagram of a IGBT gate drive circuit is shown in figure 5.18. An
NMHO0515SC DC-DC converter rated at two watts is used to produce galvanic isolation
between the +5V supply and IGBT gate drive. An HCPL-3102 IGBT gate drive optocoupler
is used to produce galvanic isolation between gate signal and IGBT. The IGBT’s gate is
protected against overvoltage using two zener diodes. The diagram is presented in different

colors to show the galvanic isolation between different parts of the circuit.

~ /. T15V

DC/
/
5V — / ov

-15V

&

Gate {;4# v

Signal 3 Q} Wé %

Figure 5.18: The simplified circuit diagram of the IGBT gate driver.

The H-bridge gate drive circuit is able to receive both electrical and optical gate signals. A

HFBR-2521Z optical receiver by Avago Technologies receives the optical signals.
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5.5.  The digital control unit

The power flow control is implemented using a digital control unit. The digital control unit
comprises of a high-performance floating-point TMS320C6713 DSP board, two ACTEL
ProASIC3 FPGA cards with A/D converters (designed at the PEMC group at the University
of Nottingham), a Host port interface (HPI) daughter card and a digital to optic interface
board.

The voltage control loop, current control loop and capacitor voltage balancer equations are
implemented on the DSP in discrete form. The DSP is programmed by C language. The Texas
Instrument TMS320C6713 DSP operates at 225MHz. The DSP operations are performed
using thirty two-bits floating point numbers. The digital equation time-step is set to 100us
with a 10KHz interrupt signal. The interrupt signal is generated by the FPGA unit. The
TMS320C6713 DSP contains eight independent functional units including two fixed-point
ALUs, four floating and fixed point ALUs and two floating and fixed point multipliers. The
DSP communicates with the FPGA through a thirty two-bit External Memory Interface
(EMIF). Also there is a sixteen-bit Host Port Interface (HPI) on a DSP to communicate with
the host PC. The digital control platform is shown in figure 5.19 and a block diagram of DSP /
FPGA structure is shown in figure 5.20.

FPGA board-2
& A/D

FPGA board-1
& A/D
Digital to Optic
Interface

DSP board

HPI
Daughtercard

Figure 5.19: Digital control platform
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The FPGA card is used as an interface between the DSP and the power converter. All
measurements made by the transducers are converted to digital values using fourteen-bit A/Ds
and transferred to DSP through FPGA. There are ten high-speed A/Ds on each FPGA card.
An ACTEL ProASIC3 A3P1000 FPGA is used in this prototype. The A3P1000 FPGA
contains 1,000,000 system gates or 24,576 D type flip-flops. The DSP communicates with the
FPGA through a thirty two-bits data bus and a seven-bit address bus. The main units
implemented on the FPGA are:

e Carrier generating unit for PWM

e Phase Shifted Cascaded PWM (PSCPWM) unit
e Fault Trip unit

e Watchdog timer

e Interrupt signal generator

e Multiplexer

e DSP memory interface

e Sliding mode observer unit

=
signals
Generator PSCPWM

»

=
2

]
S

©
a
2
2
o~
ael

Observer
Interrupt

Generator
7-bit
Addless bus
HPI
32-bit

7-bit
Address-bus

Figure 5.20: The block diagram of the DSP and the FPGA structure.

The carrier generator unit generates three triangle waveforms which are phase shifted by /3

radians. Three sixteen-bit counters together with sequential logic circuits are used to generate
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the triangle carrier signals. The sixteen-bit comparator and D flip-flops are used to generate

the gate signals. The block diagram of the carrier signal generator is shown in figure 5.21

SLOAD

4<<}7
Sload Q[150]
—1Db Q Updown Carrier [15:0 ]
—<CIR Clock
Data A[150] AEB INT >—— Data [15:0 ]

Enable
Data B[15:0]

UPLIM

Comparator - 16bit

Counter - 16bit

Data A[150] AEB

Data B[15:0]

LOWLIM
Comparator - 16bit

Figure 5.21: The block diagram of the carrier signal generator.

There are three carrier generator units in the FPGA, operating with a 10MHz clock signal.
The value of “INT” input is different for each unit. The output of the carrier generator units

are shown in figure 5.22.

UPLIM
— Carrierl
— Carrier2
— Carrier3
INT34
INT2 -
LOWLIM

Figure 5.22: The block diagram of the carrier signal generator.

The values of UPLIM, LOWLIM, INT1, INT2 and INT3 are defined as:

UPLIM = fﬂ, LOWLIM = 0 (5.7)
2fc
2 1
INT3 = ZUPLIM, INT2 =ZUPLIM, INT1=0 (5.8)
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Where f,;; is the frequency of clock signal, which is 10MHz, and f, is the frequency of

carrier signal, which is set to 400Hz in this work.

The watchdog timer ensures that the DSP communicates well with the FPGA. If this
communication is lost for any reason, the watchdog timer sends a signal to the trip unit and
the trip unit trips the converter operation. The interrupt generator unit comprises a thirty two-
bit counter and a sequential logic circuit that generates a 10 KHz pulse. This interrupt signal is
sent to the DSP. The interrupt service routine operates by interrupt signal frequency. The
outputs of the trip unit, sliding mode observer unit and A/D unit are connected to the DSP
memory interface unit through thirty two-bit multiplexers. The DSP memory interface unit is
connected directly to the FPGA pins. All data from the DSP to the FPGA and vice versa are
transferred through the DSP memory interface unit. A photograph of the FPGA card is shown
in figure 5.23.

Digital I/O pins

A/D Converters Analogue data
Buffer mput port

Actel ProASIC3 FPGA Burden resistors

Figure 5.23: FPGA card (ACTEL ProASIC3 FPGA and A/D converters).

The FPGA card is stackable. Several FPGA cards can be stacked and connected to a single
DSP. The FPGA card consists of an Actel FPGA, digital input and output ports, A/D
converters and analog data input port, which is connected to the transducers outputs. The
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output signals from the transducers are in current form, therefore the burden resistors on the

FPGA board in order to transforming the current signals to voltage signals.

Buffer | | Optic | Fibre Optic | optic | 1| Gate
/| Interface Interface [ V| Driver

Figure 5.24 A block diagram of the gate signal path.

The gate signals generated by the PSCPWM in the FPGA are sent to an optical interface
through the buffer unit. Figure 5.24 shows a block diagram of the gate signal path from the
FPGA to the IGBT module. AVAGO HFBR-1521Z transmitters are used to convert the

electrical gate drive signals to optical signals (the optic interface).
5.6.  The Tustin method

The Tustin method is used to transform the voltage, current and capacitor voltage balancer
equations to discrete form. The Tustin method is more precise than the Euler approximation
method. In order to calculate an estimation of a function f(t) at t = (K + 1)T by knowing

its value at t = KT, and having the time derivative of function f(t):

df @) _

The slope of f(t) at t = KT and = (K + 1)T, , which are (tana) and (tan f8), are needed.
An estimation of function f(t) att = (K + 1)T; by using Tustin method is:

fIK + 1] = f[K] + T;.tany (5.10)
Where:

(tana + tan B)

5 , tana =m[K], tanp =m[K + 1] (5.11)

tany =

122



Chapter 5 Experimental Power Converter

Point “a” at figure 5.25 shows the estimation of function f(t) at t = (1 + K)T using the
Euler approximation method, point “b” shows the estimation of f(t) using the Tustin method

and point “c” shows the real value of f(t). It can be seen that Tustin method is more precise.

A 1(t) /

74
/

/
2ANP AP > t
K.Ts (1+K).Ts
Figure 5.25: The graph demonstrating Tustin method.

The transformation of a Pl controller to discrete form using the Tustin method is explained

below. Consider a Pl controller block:

W) — Kt

Figure 5.26: The PI controller block.
The PI controller equation is:

K;

d
) xa(0) = 2 (%00 = Ky (9) = Kie() (5.12)

xo(0) = (K, +

The discrete form of equation 5.12 using Tustin method is:

(5.13)

xolk + 1] = Kyxo[k + 1] = x,[k] — Kpx,[k] + T <K1xe [k] + Kpxe [k + 1])

2

123



Chapter 5 Experimental Power Converter

Further simplification of equation 5.13 results:

T.K,

=) x[k] (5.14)

2, [k + 1] = x,[k] + (Kp +%)xe[k +1] - (Kp -

Equation 5.14 has been used to transform all the PI controllers to discrete form in this work.

5.7. Practical results

The block diagram of the experimental power converter is shown in figure 5.27. The power
converter is connected to a balanced three-phase supply. The line inductance is 11mH, the dc-
link capacitance is 1000uF and the load resistances are 59Q. The dc-link voltages are set to
45V and peak line current is 3A. The experimental converter voltage and current waveforms,

as well as the dc-link voltages, are shown in figures 5.29 to 5.33 respectively.

1000uF 1000uF
J_ DC-DC
Port-A % 590
i HE
9 J
11mH
L L = 590
100V T T
50Hz
Ver~Veo Ve11~Veoo

Figure 5.27 The block diagram of the experimental power converter.
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Figure 5.28 The experimental power converter topology.
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Voltage(V), Current(A)

Voltage(V)
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Figure 5.29 Phase-a supply voltage, converter voltage and line current.
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Figure 5.30 The three-phase converter voltages.
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100

Experimental Power Converter
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Figure 5.31 The three-phase supply voltages.
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Figure 5.32 The three-phase line currents.
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Figure 5.33: The dc-link voltages at DC-DC converter terminals.

The reference value for reactive power is set to zero. Figure 5.29 shows that the phase-a
supply voltage and line current are in phase, which confirms the unity power operation
condition. As figure 5.33 shows, the dc-link voltages across the DC-DC converter are equal

and this confirms the correct operation of the DC-DC converters.
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5.8. Summary

The design and structure of the experimental power converter has been described in this
chapter. The one port power converter with a DC-DC converter is constructed to validate the
proposed sliding mode observer. The design of an analog DC-DC controller card is described.

The practical results confirm the correct design of the converter and associated control.

129



Chapter 6 Sliding Mode Observer Practical Implementation

Chapter 6

Sliding Mode Observer-Practical

Implementation

6.1 Introduction

This chapter presents the practical implementation of a sliding mode observer on an FPGA
control platform. The sliding mode observer is implemented on FPGA in fixed-point system
using VHDL programming language. First the observer equations are transformed to discrete
form. Then the observer equations are implemented in fixed-point system on FPGA. Because
of limited number of gates in FPGA, to be able to fit the observer equations on FPGA, they
are simplified as much as possible. Because of FPGA gate limitation, only observer equations

of v, and i, are implemented.
6.2 Observer equations for experimental power converter

The sliding mode observer equations for the three-phase, three-cell ideal power converter

were derived in chapter 4. In an ideal power converter all the IGBT switches are assumed to
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be ideal. However the IGBTSs used in experimental power converter are not ideal switches.
There is a voltage drop across a real IGBT during conduction. The voltage drop across IGBTs
should be considered in the observer equations otherwise there will be an error in any
observed values. The diagram and topology of the experimental power converter is shown in
figure 6.1.

DC-DC %
=

(a): The experimental power converter

FH
000 -
il

B F

DC-DC

o KF |

ol

L5 ]

]
|

J DC-DC DC-DC DC-DC

L ey

(b): Topology of the experimental power converter

Figure 6.1: Experimental power converter

To consider the effect of non-ideal switches on observer equations, all possible states of the

switches within an H-bridge are shown in figure 6.2. The voltage drops across the inverse
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diode, Vg, and across the IGBT, Vcgo, during conduction mode are functions of conducted
current. To keep the observer equations as simple as possible, both Ve and Vcgo are assumed
to be constant and equal to 1V. Based on this assumption and with reference to figure 6.2 the
output voltage at ac-side of the H-bridge for positive values of line current is (S;v.; + 2) and

for negative values of line current is (S;v; — 2).

>0 | >0 L
DC-DC DC-DC
+ +
Syt (VitVer) Svert(VetVero)
peDC | pc-pC |

L 900 -
0

®

<0 - =<0 |

+
Sverr(Virt Vo)

+
Sverr(Virt Vero)

<0 l =<0 |
+ +
Sver2Vego Sver2Ve

(b): Current path for negative line current

Figure 6.2: H-bridge switch status
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Therefore the voltage at ac-side of H-bridge converter is:

Sive + 2sgn(iy) (6.1)

Figure 6.3 presents the switching model of the experimental power converter.

Vbn
Port-A
+ | : + |
Ve,
Sy ve+2sgn(iy) +2;gn(ih)
+_ L |
) Sj.VL.j
Sav.rt 25gn(i) o) <o
+ o F
Ss.ve3+2sgn(i,) 6 Ves

V) 2sgn(in)

n

Figure 6.3: Switching model of the power converter

The three-phase voltage equations are:

t

3
eq = +1s)ig + ZSiva- + 6sgn(iy) + vy

i=1
6
tep =+ 1s)iy+

Sivei + 6sgn(ip) + v,
i=4

9
e.=+1s)i.+ Z Sive + 6sgn(ic) + vy

=7

(6.2)
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In a balanced three-phase system v,, can be derived from equation 6.2:

9
1
v = =5 Y 8w - 25gn(ia) — 25gn(iy) — 25gn(ic) (63)
i=1
The phase-a equations in state-space form are presented in equation 6.4.
d 1
ala= 7 rla+ZSva+6sgn(l )—eq+v,
i=1
d 1 ¢ _
<dtv51 2c = (S1.iq — io1) (6.4)
d 1 _
dt Ve = 2c (52 "a 102)
d 1 ,
\dt Vez = 2C = (S3.iq — i03)

The corresponding sliding mode observer equations for v, and i, in phase-a are presented by

equations 6.5 and 6.6.

During (S; = £1and S, = 0 and S5 = 0) the observer equation is:

(d 1 °
Eia = —T(ria + Z SiUs + 6sgn(iy) —e, + ﬁn> — Lysat(i, — i)
i=1 (6.5)

d . 1 o o
a1 = 2—(51. By —io1) — Lysat(—1S;Lysat(l, — i)

For all the other modes:

3
d 1
— g =—=ri,+ 2 SiUe + 6sgn(iy) —eq + U, | — Lysat(i, —iy)
dt ! ,

= (6.6)

d . 1 . ]
avcl = Z(Sr g — lo1)
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Where 7., and i, are the observed values of v, and i, and ¥, is:

9
1
B =3 ) Sidei — (25gn(ia) + 25gn(ip) + 25gn(ir)) (6.7)

6.3 Observer equations in discrete form

The Euler method is used to transforms the observer equations to the discrete form. The Euler
equation is:
flx+Ax) = f(x) + f'(x). Ax (6.8)

Using equation 6.8, the discrete form of equation 6.5 is:

3

talk + 1] = 1,141 ( K1+ Y 00 K] + 6sgn(ia[k) — eq[k] + 9, [k])
_TsLlsat(ia[k] — g [lk:]l)

. (6.9)

el + 11 = Doy K] + 57 (S5 1lk] kD)

—TSLzsat(—lSlLlsat(ia [k] — ia[k]))

The discrete form of equation 6.6 is:

( T 3
falk + 1] = LgfK] - (ria K1+ 00 k] + 6sgn(ia[kD) - eqlk] + 0, [k])

4 —TsLysat(iqlk] = ialk]) (6.10)

Ts o & ,
( Dealk + 1] = Deq[K] + Z(sl' talk] = i61[K])

In equations 6.9 and 6.10, i,[k] is the observed value of phase-a line current, ¥, [k] is the
observed value of dc-link voltage v.4, i,[k] is the measured phase-a line current, e,[k] is the
measured phase-a supply voltage, T is the calculations time step and i, [k] is the load current
of v.,. Equations 6.9 and 6.10 will be implemented in the FPGA using a fixed-point system.
The FPGA has a limited number of gates therefore equations 6.9 and 6.10 should be
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simplified as much as possible to occupy the minimum number of gates on FPGA. The
multiplication and division of two numbers in fixed-point system needs lots of bits and gates,

therefore it is desirable to minimise the number of multiplication and division actions.

First ¥, in equation 6.9 is substituted with the expression in equation 6.7. Combining
equations 6.7 and 6.9 results in:

( 3
ia[k + 1] = ia[k] _%(ria[k] + Z:Siﬁci [k] + 65gn(ia[k]) - ea[k]
i=1

9
1
—5 ) Sidlk] = 259n(ia) = 25gn (i) - 25gn(ic)
: 32 b >

(6.11)
_TsLlsat(ia [k] - ia [k])

Ts .
Derlk + 1] = Dy [K] + z(sl-ia[k] —io1[kD

L —TsLysat(—1S;Lysat(iq[k] — ig[k]))

The first step toward simplification of equation 6.11 is to assume that all the dc-link voltages
are equal.

Vep = Vez = = Vg9 (6.12)

Therefore equation 6.11 simplifies:

T,
falk + 1] = talk] = 7 {rialk] - eqlk]
Dy [K]
+—3 (25, + 25, + 255 — S, — S5 — Sg — S; — Sg — So)
: +4sgnia) = 2sgn(ip) = 25gn(ic)} = TsLasat(lalk] = ialkD  (6.13)
; ; Ts o o
Derlk + 1] = Deq [K] + 2 (Sy-alk] = ip1[KD)

\ —TSLzsat(—lSlLlsat(ia[k] — ia[k]))
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The measurements i, [k], i, [k] and e, [k] in FPGA are available through the A/D converters
in binary form. The relationship between the real variable values and corresponding digital

variable values are as follows:

adc; [k] — 8136 adc; ,[k] — 8136 adc, [k] — 8200
- = ig[k],— = igq [k],— = e.[k] (6.14)
—1401 1401 —14.815

Where adc; [k], adc;  [k] and adc, [k] are the digital equivalents of i, [k], i, [k] and e,[k]
respectively. This would take a lot of space on the FPGA to convert the digital numbers
adc; [k], adc;  [k] and adc, [k] to iy[k], i51[k] and e,[k]. Also scaling numbers in a fixed-
point system with a limited number of bits reduces accuracy. Therefore, in order to increase
the accuracy of the calculations and reduce the required number of gates for the observer

equations, equation 6.13 is modified to have adc; [k], adc;  [k] and adc, [k] instead of

iqlk], i,1[k] and e, [k]. Also a new variable ac?,cia [k] is defined:

adc; [k] — 8136

i,[k] = 01 (6.15)
The modified form of equation 6.13 is:
(adc; [k +1] - 8136 adc; [k] —8136 T, (adc[k]—8136
—1401 - 101 v —1401
Deq[k]
+T.(251 +285, 425, =8, —Ss—Sg — S, — Sg — So)
adc, [k] — 8200 A ] ) ] ) ]
{4815 sgn(iq) — 2sgn(ip) — 2sgn(ic)}
adc; [k] — 8136  adc; [k] — 8136
\ ~TsLysat 1401 —1401 (6.16)

ﬁcl[k + 1] = ﬁcl[k] +—

TS< <ac2cia[k]—8136> adciol[k]—8136>
) —

2¢c —1401 1401
- . adc; [k] — 8136 adc; [k] — 8136
Tlshesat| =Syl sat —1401 _ —1401
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The simplified form of equation 6.16 is:

(ac?cia [k + 1] = adc; [k] - %{r(a&ciu [k] — 8136)
—467D,,[k]. (25, + 2S, + 255 — Sy — Ss — Sg — S; — Sg — So)
—94.56adc, k] + 775443 — 5604sgn(i,) + 2802s5gn(ip) + 2808sgn(i.)}
a&cia [k] — adc; [k]
—1401 )

+1401TSLlsat<
(6.17)

T, .
D[k + 1] = D q[K] — —SC (8. (adc; [k] — 8136) + adc;  [k] — 8136)

—-1401

adc; [k] — adc; [k
—TL,sat —lSlLlsat< o] A ]>

To further decrease the number of required multiplication actions a new variable adcvc1 [k] is

defined as follows:

adc,_ [k] = (4670.4[k]) (6.18)

Combining equations 6.17 and 6.18 results in:

A N T. A
(adcia [k + 1] = adc; [k] — Ts{r(adcia [k] — 8136)
—adcy,, [k].(2S; + 28, + 253 — Sy — S5 — S¢ — S7 — Sg — So)
—94.56adc, [k] + 775443 — 5604sgn(i,) + 2802sgn(ip) + 2808sgn(i.)}
a&cia [k] — adc; [k]
—-1401

+1401T,L,sat (
(6.19)

. . T, .
adc, [k+ 1] = adc, [k] —=(S;.(adc; [k] — 8136) + adc;  [k] — 8136
cl c1l 6C a o1l

—1401

adc; [k] — adc; [k]
—467TsL,sat | —1S;L,sat 2 2
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Calculations time step T 2us
Line inductance l 11mH

Line resistance r 1Q
dc-link capacitance c 1000uF

Sliding mode observer gain Lq 1000

Sliding mode observer gain L, 1000

Table 6.1: The practical system parameters.

Replacing the variables with the corresponding values given in table 6.1 in observer equations
results in equation 6.20.

adc; [k + 1] = adc; [k] — 0.00018{adc; [k] +
—adcy,_ [k]. (28, + 25, 4+ 253 — Sy — S5 — S6 — S7 — Sg — So)
—94.56adc,, [k] + 767307 — 5604sgn(is) + 2802sgn(ip)

28085gn(i,) — 155555t [ 245l ~ adci,[K]
+ sgn(i;) — sat ~ 1201

4 (6.20)

. . 0.001 .
adcy, [k + 1] = adc,,, [k] — T{Sladcia[k] — 518136 + adc;, [k] — 8136

adc; [k] — adc; [k]
+2802sat| —11S;sat = =

—1401

The observer equation 6.20 consists of several terms. Each term has different maximum and
minimum values. It is important to know the minimum and maximum value of each term in

order to assign proper number of bits to each term. The equation for ac?cia [k + 1] consists of

the following terms:

adc; [k + 1] = adc; [k] — 0.00018{A+B +C+D +E + F + G + H} (6.21)
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Where:

A=ade k], B=-adc, [k].(25; + 25, + 253 — Sy — S5 — Ss — S7 — Sg — Sg)
C = —94.56adc, [k], D =767307, E=—-5604sgn(i,), F = +2802sgn(ip),

k] — adc; [k]
—1401 )

adc; [
G = +2808sgn(i.), H = —15555sat 2
The equation for adcvc1 [k + 1] consists of the following terms:

A N 0.001
adcy,, [k + 1] = adc, , [k] - T{I +/+K+L+ M} (6.22)

Where:

I=Sadc [k], ]=-S,8136, K =adc; [k]l, L=-8136

a&cia [k] — adc;, [k])

M = 2802sat —1lSlsat< 1401

Each number has a sign, an integer part and a decimal part. In a fixed-point system one bit has
been assigned for each number to represent the sign. The absolute maximum value of each
number determines the number bits that have been assigned for integer part. The accuracy of
number and calculation is related to the number of bits that have been assigned for the

decimal part. The term E is redefined as follows:

—5604 i, >0
5604 i, <0
adc; [k] — 8136

—1401
adc; [k] — 8136

—1401
~5604 adc; [k] < 8136
5604 adc; [k] > 8136

—5604

E = —5604sgn(i,) = {

k 5604

(6.23)
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In order to define the terms H and M as digital variables, a new term H; is defined:

adc; [k] — adc; [k
Hy = —1401sat( ALl Al ]>

—1401

( adcia [k] — adc; [k]
1401 —01 < -1
acicia [k] — adc;,[k] a&cia [k] — adc;,[k]
—{—1401.( 201 -1< —Ta01 < +1
adcia [k] — adc; [k]
—1401 —701 > +1
1401 adc; [k] — adc; [k] > +1401
=<adc; [k] — adc; [k] —1401 < adc; [k] — adc; [k] < +1401 (6.24)
—1401 adc;, [k] — adc; [k] < —1401

Therefore the term H can be calculated as:

acicia [k] — adc;,[k]
H= —155555at< —701 ) =11.1 X H, (6.25)
The term M as a digital variable can be calculated as:
adcia [k] — adc; [k]
M = 2802sat —11515at< 1401 )
Hy
= 2802sat (51 127.36)
H,
2802 112736
=3 2802.(51 Hy ) -1<S8,; 4
127.36 127.36
H,
2802 Sy 57 3¢ > +1
—2802 S;H, < —127.36
=1{22(S;H,) —127.36<S;H, <+127.36 (6.26)
2802 S{H, > +127.36
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6.4 Observer equations in fixed-point

It is important to calculate the absolute maximum of each term in order to avoid any overflow
in the calculations. In a binary system, shifting the number to left by one bit means
multiplication by 2 and shifting the binary number to right by one bit means division by 2.

The 2’s complement system is used to do the mathematical operations in binary.

The digital numbers adc; [k], adc;  [k] and adc, [k] are 14-bit integer numbers. The

absolute maximum of the line current is assumed to be 5A. The absolute maximum of the
supply voltage is 250V and the maximum value of the dc-link voltage is set to 120V. In order
to have good accuracy of the observer equations in fixed-point system, fifty five-bits are

assigned for the adcia [k], where 14 bits are for integer part and 41 bits for decimal part. Also
55 bits are assigned for the digital variable adcvc1 [k]. The maximum value of ac?c,,c1 [k] is
equal to 467 x 120 = 56040. Therefore 16 bits are used for integer part of adc,,c1 [k] and the

other 39 bits are assigned for decimal part.

The relationship between the absolute maximum value of a number and the required number
of bits in integer part of corresponding binary value is described in this part. By using n bits
in integer part of a binary number, it is possible to have the equivalent decimal value up to
(2™ — 1). If the absolute maximum value exceeds (2™ — 1), then (n + 1) bits are required in
integer part of a binary number. Therefore n bits are needed in integer part of a binary number

with absolute maximum value bigger than (2"~ — 1) and smaller or equal to (2" — 1).
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Figure 6.4 to 6.22 shows the formation of these variables. The sign bit is shown in green, the integer bits are displayed in white and decimal bits

are displayed in orange. The digital variables adc; [k], adc;  [k], adc, [k], A = ac?cia [k] and adc,,m [k] are defined in previous section of this

chapter.

adc; [k]

1{1(1(1f0(0l0)JOjJO|jOjO|OfOfO

31 2|1]10]9[8|7|6|5|4]3]2|]1]0

alalalajJalalaJala]Jala]a]a|a

adc;  [k]

i1{1(1({1f0f0l0]JOjJO|jOjO|OfOfO

31 2|1]10]9[8|7|6|5]4]3]2]1]0

a|l|A|lala|la|a|a|lalalala]a|]a]|a

adc, (K]

i1(1({1({1f0l0l0)JOjJO|jOjO|OfOfO

3(2|1(0]9|8|7|6|5]4]3|]2[1]0

alAlalalalala|lala|a|la|a|a]|a

A = adc; [k]
5(5(5|5|5|5|4|4|4(4|4|4|4|4|4|4|3|3|/3|3|3|[3|3(3(3[3|2(2|2|2|2|2|2|2|2|2|(1(1f(12|12f(2|2|2|212|1|1|0|0|0O0|0Of|O|OfOfOfO]|O
5(4(3|]2|1{0|9|8|7]|6|5|4|3[2]1]0|9|8|7|6|5[4|3[2|]1|0[9]|8|7|]6|5|/4]3[2|]1|]0[/9]|8|7|6|5[4]3[2|]1|]0[9]|8|7|6|5[4]3[2|]1]0
S|alalalala|lalalalala|a|alalalalal]a|ala|a|a|lala|la|la|a|la|ala|a|ala|lalala|al]a|a|a|a|lalalalalalalJa|a|ala|ala]|a|a]a
adc,_, [k]
5(5(5|5|5|5|4|4|4(4|4|4|4|4|4|4|3|13|/3|3|3[3|3(3(3(3|2|2|2|2|2|2|2|2|2|2|1(1(12|12f(2|2|2|212|1|2|0|/0|0O0|0OflOf|OfOfOfO]|O
5/4(3|]2|1{0|9|8|7]|6|5|4|3[2]1]0|9|8|7|]6|5[4|3[2|]1|]0[9|8|7|]6|5[/4]3|[2|]1|]0[9|8|7|6|5[4]3[2|]1|]0[9]|]8|7|6|5[4]3[2|]1]0
S|alalalalalalalalalalalalalalalalJalala|a|a]a ajlalajalalJajJlajJalala|a|alalalJa|a|a|]a|a|lalJa|a|la|aflalalJa|J]a|]a|Ja]a]a
Figure 6.4: The binary representation of digital variables adc; [k], adc;  [k], adc,, [k], A = adc; [k] and adc, , [K]
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As variable B could be either positive or negative, one bit is assigned to show the sign, 20 bits are used for integer part and 35 bit are used for

decimal part of B. The formation of variable B is shown in figure 6.5.

alaflalalalJala|a|a|lalalala|Ja|aJ]alJalajlJa|lala|l|aflalal|al|a|a|a|lalala|a|a|laflafala|a|a|alalalaljaljalalaljaljajajajajaja)]a

B = —adc,_ [k]. (25; + 25, + 285 — S4 — S5 — S6 — S7 — Sg — So) (6.27)
0 < adc,, [k] < 56040 = —672480 < B < +672480 (6.28)
B = —adc,_ [k]. (25, + 25, + 255 =S4 — S5 — Sg — S — Sg — So)
5|5(5|5|5(5|4|4(4|4|4|4| 4|4 4]413|3[3|3|3(3|3(3|3|3(2|]2(2|2|2|2|2|(2|2|2(1|1|21(2|1f(2|2(2|2|1(0|j0|0Oj0O|0O[0OJO|O|O0]|O
5/4(3[2|]1)]0(9|8|7|6|5|4|3|]2|1]0]9|8|7|6|5]4]3[2|[1|0|9|8|7|/6(5|]4|3|]2|1(0(9|8|7|6|5[4[3|]2|]212|]0|]9(8[7|6|5|4|3[2([1]0
S
F

igure 6.5: The binary representation of digital variable B

As variable C could be either positive or negative, one bit is assigned to show the sign, 21 bits are used for integer part and 34 bits are used for

decimal part of C. Variable C is shown in figure 6.6.

C = —94.56adc, [k] (6.29)
(94.56),, = (1011110.10001111010111000010), (6.30)
—250 < e, <250 = 4496 < adc, [k] < 11904 = —1125643 < C < —425141 (6.31)
C = —94.56adc,_[k]

5/5|5(5|5|5|4|4|4|4|4|4|4(4|4[4|3[3|3|3(3|3(38|3[3|3|2|2|2(2|]2|2(2|2|2|2(1|1|1|1}1f21|1f{1]1|1/0[0(0|Of0|jO[0O|JO]|OfO
5/4(3|2|]1]0|]9|8|7|6|[5[4[3]2|1|]0|9]|8]7|6|5|]4|3[2[1[0[9|8|7|6|5|]4|3|2|]1|]0/9(8[7|[6[5][4|3|]2|1]0]9|8|7|6|5[4[3[2[1]O0
S alalalalalalalal]alala|lalal]a|l]ala|la|lal]a|a|lalalal]a|a|ala|la|]a|]a|a|a|lala|a|lalala|a|]a|a|a|la|a|la|alalal|la]l]a]Ja|a|a|a]|a

Figure 6.6: The binary representation of digital variable C
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D =767307 (6.32)
(767307)1 = (10111011010101001011), (6.33)
D = 767307
i1(1j1)1f{1y1f1{1|1f1j0|0fl0OjO|JOfO|jOfO]O]|O
98| 7(6|5|4[3|2|]1[0]9|8|7]|6|5]4]3[2]1]O0
1(0(1)1f{1j0j1f1]0fj1]0]1|l0j1jOfoOj1]1]0]0O
Figure 6.7: The binary representation of D

Variable E could be either +5604 or -5604 therefore one bit is assigned to show the sign and 13 bits are used for integer part. Variable E is

shown in figure 6.8.

E = —5604sgn(i,) (6.34)

(5604),, = (1010111100100), (6.35)

—5604sgn(i,)
0|0|0

1111 0{o0[0|0|0|0]O
2]1]0[9]8|7|6]|5[4]3[2]1]0

1]0f1]0j1f1]1]j1]0]J0j1]O0]O

E
1
3
s
F

igure 6.8: The binary representation of digital variable E
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Variables F and G could be either +2802 or -2802, therefore one bit is assigned to show the sign and 12 bits are used for integer part.

F = +2802sgn(i,), G = +2802sgn(i.) (6.36)
(2802),, = (101011110010), (6.37)
F = +2802sgn(i,), G = +2802sgn(i.)
i1(1|{1|0f{0|jO0O|lOfO|jOfO]|O]Of|O
2(1)]0[9|8]7|6]|5]4[3]2|]1]0
S|1|0j1j0f[1|1f1|1|0]J0]1]0O
Figure 6.9: The binary representation of F and G
R 1401 adc; [k] — adc; [k] > +1401
adc; [k] — adc; [k] R R ia K] ia K]
H, = —1401sat “_1401 2 =1adc; k] —adc; [k] —1401 < adc; [k] — adc; [k] < +1401 (6.38)
—1401 adc; [k] — adc; [k] < —1401
The 56-bit variable H; could be either positive or negative. Therefore, one bit is assigned to show the sign.
acicl-a[k], adc; [k]
5(/5(5|5|5|5|4|4|4(4|4|4|4|4|4|14|3|3|/3|3|3[3|3(3(3(3|2(2|2|2|2|2|2|2|2|2(1(1f(1|1f(21|2|21|212|1|2|0|j0|0|0OfOfOfOfOfO]|O
5/4[3|2]1]0|]9|8|7|6|5]4[3]2|]1|]0]9|8]7|6|5|]4|3|2[1[]0[9|8|]7|6|5]4]3|]2)1|0/]9|8|7|6|[5]4[3|]2|]1]0]9]|8]7|6|5|4]3[2]1]0
S| a a a ajlafala ajlajfa a alalajafla]a alalalalala]a alafa alafajla alal a alalalalala]a alalalalala]a alajfa alafajla
1|11(1({1{0j0|0|0|j0O]JO]JO]JO|OfO
3/2[1]0]9]|8|]7|6|5]4]3|]2[1]0
alalalJalJaJalJalJa|la|lalalafa]a
H,
5(5(5|5|5|5|4|4|4(4|4|4|4|4|4|4|3|3|/3|3|3|[3|3(3(3(3|2|2|2|2|2|2|2|2|2|2(1(1f(1|1f(1|2|1|1|1|21|0|j0|J0O|0OflOf|OfOfOfO]|O
5/4[3|2]1]0]|]9|8|7|6|5]4[3]2]1|]0]9|8]7|6|5|4|3|2[1]0[9|8|]7|6|5]4]3|]2)]1|]0/]9|8|7|6|[5]4[3|]2|]1]0]9]|8]7|6|5|4]3[2|1]0
S| a a a ajlajfafa ajajfa a alalalala|A|la|la|ala|a|la|a alala alaflajla alala alalalalala]a alalalalalal]a alala alaflajla
Figure 6.10: The binary representation of digital variable H,
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H=111x H, (6.39)
(11.1)10 = (1011.0001100110), (6.40)
—1401 < H, < 1401 = —14010 < H < 14010 (6.41)

As variable H could be either positive or negative, one bit is assigned to show the sign, 14 bits are used for integer part and 38 bits are used for
decimal part.

—-1401

adc; [k] — adc; [k
H = —15555sat a =11.1x H,
4
1

5|5|5(4|4|4|4|4|4]|4]|4 4(3|13[3|3|3|3|3|3|3|3|2|2(2|2|2|2(2|2|2(2|1f(1|1j1|1}1|21|1f1|1|[0|0OjO0Ofl0O|OfO|OfO]O]|O
21110/ 9]8]7]|6[5|]4][3]|2 0]9|8|7|6|5]4[3|]2]1|/0]9|8|]7|6]|5|4|3]2|1]0j9]|8]7|6|5|4[3|]2|]1]0]9|8|7|6]5]4[3|]2]1]|0
S|alalalalalalalala|la|a|la|la|la|la|la]a

he binary representation of digital variable H

Figure 6.11: The

—16383 < A < 16383

—672480 < B < +672480
—1125643 < C < —425141

D = 767307
E = —5604sgn(i,) (= —1072417 <(A+B+C+D+E+F + G+ H) < 1056247 (6.42)

F = +2802sgn(ip)
G = +2802sgn(i.)
\  —14010 < H < 14010 ~/
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Chapter 6

The absolute maximumof (A+ B+ C+ D+ E + F + G + H) isequal to 1072417, therefore 21 bits are required in integer part, 41bits are

used in decimal part and one bit is used for sign. The digital variable (A+ B + C + D + E + F + G + H) is shown in figure 6.12.
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Figure 6.12: The binary representation of digital variable (A+ B+ C+D+E+F + G + H)
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(0.00018),, = (0.000000000000101111), (6.43)

—190 < (—0.00018 X (A+B+C+D+E+F+G + H)) <193 (6.44)
The absolute maximum of (—0.00018 X(A+B+C+D+E+F+G+ H)) is equal to 193, therefore 8 bits are required in integer part,

41bits are used in decimal part and one bit is used for sign.

—0.00018 X (A+B+C+D+E+F+G+H)

4| 4| 4| 4| 4| 4| 4| 4| 4| 4| 3| 3| 3 3|3]|3|3[3|3|3[2(2|2|2(2|2|2(2|2|2(11|1{21f21|1[1f{1|1|1[{0|0[0[0fO|]O0[O|lO|]O0O|O
9/ 8] 7|/ 6/54)3/2]1]0/9(8]7]|6|/5]4]3 2/1[0]9]8]7/6]5]4]32[1[0]98]7[6]5]4]3[2]1]0/9/8[7]6]5]43[2]1]0
S| a| a| al| a| a| a| a| al a| al| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| a| al a| al a| a| alal al a
Figure 6.13: The binary representation of digital variable —0.00018 X (A+B+C+D+E+F+ G + H)
adc; [k + 1] = adc; [k] — 0.00018{A+B+C+D +E+F + G + H} (6.45)

—0.00018{A+B+C+D+E+F + G +H)}, adc[k]

414|444 4|44 441333333333 |3|2|2|2|2|2(2(2(2(2(2|1(21|21|2|1)2)2|1|1|1|(0(0Of0O|O[O|0O|O|0O|O0O]|O

98| 7|6|5[4]3|]2|]1/]0|]9|8|7|6[5[4[3|]2|1|0]|9|8|]7|6|5|4[3[2[1[0[9|8|7|6|5]|]4]3|]2|1|0|]9|8|7[6[5]4[3]2]|1]O0

S alalalalala|l]a|a|l]a|la|al]a|a|a|la|l]a]J]a|]a|]a|la|la|l]a|l]a|a|a|a|l]al]a|a|ala|l]al]a|J]a|]a|a|la|la|la|a|la|la|la]Ja]Ja|]a|la|a]|a
5(/5(5|5|5|5|4|4|4(4|4|4|4|4|4|4|3|/3|/3|3|3|[3|3(3(3(3|2(2|2|2|2|2|2|2|2|2(1(1(12|12f(2|2|2|2|2|2|0|j0|0|0Of|O|OfOfOfO]|O
5/4(3]2|1{0|9|8|7]|6|5|4]3[2]1]0|]9|8|7]|]6|5[4|3[2)]1|]0|[9]8|]7]|6|5|4]3[2]1]0|]9]8|]7|6|5[4]3[2]1]0|/]9]8|]7|6|5[4]3][2]1]0
S a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a
adc; [k + 1] = adc; [k] — 0.00018{A+B+C+D +E+F + G + H}
5(/5(5|5|5|5|4|4|4(4|4|4|4|4|4|4|3|/3|/3|3|3[3|3(3(3(3|2(2|2|2|2|2|2|2|2|2(1(1f(1|121f(2|2|2|2|2|2|0|j0|0O|0OfO|OfOf(OfO]|O
5(/4(3|]2|1{0|9|8|7]|6|5|4|3[2]1]0|9|8|7|6|5[4|3[2]1|]0[9]|8|7]|]6|5|/4]3[2|]1|]0[9]|8|7|6|5[4]3[2|]1|]0[9]8|7|6|5[4]3[2|]1]0
S alalalalalalala|l]alala|ala|l]a|l|alalal|a|l]a|a|a|a|la|a|a|alal|lal]a|]a|a|a|la|la|a|lalala|la|]a|a|a|la|a|la|lalalalal]a]Ja|a|a|a]| a
Figure 6.14: The binary representation of digital variable adc; [k + 1] = adc; [k] — 0.00018{A+B+C+D+E +F + G + H}
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Figure 6.15: The binary representation of digital variable I = Slacicia[k]

The variable J could be zero, +8136 or -8136 therefore one bit is assigned to show the sign and 13 bits are used for integer part. The digital
variable J is shown in figure 6.16.

J =—-5,8136 (6.46)
J =-5,8136
i1/1(1(1{0j0|0|J0O)JOjJO)JO|O|O|O
3/2[1|0]|]9|8|7|6|]5[4[3]2[1]0
S(1f1|1]1)1)1/1/0f0f1][0f[O0]O
Figure 6.16: The binary representation of ] = —5;8136

The variable K is a positive integer with an absolute maximum of equal to 12339. Therefore 14 bits are required for integer part of its binary
representation which is shown in figure 6.17

K = adc;,, [K] (6.47)
0<inlkl]<+3 = +8136<adci01[k]<+12339 (6.48)
K = adc; (K]
111|1|1{0f0l0|JOjJOjOjO[O|O|O
31 2]1/0]9]|8|7|6]|5[4][83|]2[1]0
ajlalalala a| a a| a ajlajlalala
Figure 6.17: The binary representation of K = adc; , [k]
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The variable L is a negative integer with an absolute maximum of equal to 8136. Therefore one bit is need as sign bit and thirteen bits are
required for integer part of its binary representation which is shown in figure 6.18.

L=-8136 (6.49)

0|0|j0|j0O|OfOf0O
6[5[413[2]1]0

1 0|0
3 8|7
i1)1)1f{1{1]1]1]1]j0]j0jJ1]j0]0O]O
Figure 6.18: The binary representation of L

The absolute maximum of M is equal to 2802, therefore twelve bits are required in integer part, forty-one bits are used in decimal part and one
bit is used for sign.

ade; [k] — adc; [k] —2802 SiH; < —127.36

M = 2802sat| —11S;sat a T a =1{22(5,H,) —127.36 < S;H, < +127.36 (6.50)
Bl 2802 SiH; > +127.36

(22)10 = (10110), (6.51)

Where H; is presented in equation 6.38. The binary representation of the digital variable M is shown in figure 6.19.
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adc; [k] — adc; [k]
M = 2802sat | —11S;sat 2 2

—-1401
4144144144444 3|3]3|3|3|3|3|3|3|3|2|2(2|2(2|2|2|2}2(2|1f1|1j1|1}1f2}1f1|1{0|0Oj0|0OjOfO|OfO]O]|O
9/8|7|6|5]4]|3]2|1]0|9|8]7|6|5|4|3|2]1]0]9|8|7|6|5]4[3|2]1|0]9|8]|]7|6]|5]4|3]2|1]0]9]|8]7|6]|5[4][3]2]1]0
ajlajlalalalalJ]alJ]a|]alalala|l]al]a|lalfalalJ]a|a|ala|ala|a|a|alala|a|alala|ala|a|a|a]|a ajlalafalajJajajafalal]a
Figure 6.19: The binary representation of digital variable H, and M.

The absolute maximum of (I + ] + K + L + M) is equal to 31524, therefore fifteen bits are required in integer part, forty one bits are used in
decimal part and one bit is used for sign.

—16383 <1 < +16383
—8136 <J < +8136
+8136 < K < +12339 ; = —27321< (U +]J+K+L+ M) <31524 (6.52)
L =-8136
—2802 <M < +2802

The binary representation of the digital variable (I + J + K + L + M)is shown in figure 6.20.
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I,],K,L,M

5| 5|5(5|5|5|4|4|4|4|4| 4| 4|4 4)4|3(3|/3|3/3(3(3|3|3[3(2|2|2|2|2(2|2|2|2(2(1)1|1|1f212|1)]1|2[{212|212|0|0|0OfOfOjJ0OjO|OfO]|O
5/4[3[2]1]0]9|8|7|6|5|4[3]2|1]0]9(8|7|6|5[4(3|]2|1[0[{9)8]|7|6[5|]4)3[2|1[{0/9]8|7[6|5]4]3[2[1[0]9|8|]7([6|]5]4]3[2[1]|0
S|alal|ala|ala|la|a|a|la|la|a|la|lala|lala|lala|a|a|la|a|ala|a|a|a|a|a|la|a|a|a|la|a|a|a|a|ala|a|a|a|a|la|la|a|a|a|la|a|a|a]a
1|{1{1(1|)0|0f0O|0O|O|OfO]JO|OfO

3/ 2|1[0]/9]8|7[6]5]4[3]2]1]0

S|alalalalalalalalalala|al|a

i1|1{1(1)0|0f0O|0O|O[OfO]JO]|OfO

3/ 2|11[0]/9]|8|7[6]5]4[3]2]1]0

alalalalalalalJala|a]Ja[a|a]|a

1/1(1|{1|0|0lO|O|O)JOfO[O]|]O]O

3/2|11[{0/9]|8|7[6|]5]4[3]2]1]0

l|alala|lalala|lala|la|a|la|a]|a

4| 4| 4| 44| 4444|4333/ 3/3(3|3|3|3(3|2|2|2|2(2|2|2|2|2|2|1|1|1f1f(21)2|21{1f(21|1|0|0[0Of0O|JO|O|OfO|O]|O

9|/8|7|6|5]4[3|]2]1|]0[9|8|7|6|5]4|3[2[1]0]9|8[7|6]5]4|3[2|]1]0|9(8|7|6|5[4[3|]2]1]0[9|8|7|6|5[4[3]2]1]O0

S|lalalalalala|lalJalalalalalalala|alalalala|a|a|lalala|ala|a]a]a ajlajlajajalajajajalajajajalja)jala a
I+]J+K+L+M)
5/ 5|5|5|5|5|5|4(4|4|4|4|44|4|4|4|3[3[3|3[3[3|3|3[3|3|2|2|2|2|2|2|2|2(2|2|1f1j1|1|21j1|1|2|1]1|0|0|O0|O|jOf0O|O|jO|O]O
6|/5(4(3/2|1[{0/9|8|7|[6|5[4[3]2]1|]0[{9|8|7|6[5|]4]3[2[1/0)]9|8|7|[6|5]4|3[2[1]0]9|8[7|6|5]4[3[2|]1]0|9[8[7]|6]|5]4[3[2]1]0
S|alalalala|a|alJa|ala|a|l|a|alalalalala|a|ala|lala|a|a|lalala|a|la|a]a]|a ajlajJajajalajajafa ajajajajaja ajajajaja
Figure 6.20: The binary representation of digital variable (I +] + K + L + M)

According to equation 6.52 the absolute maximum of (I + J + K + L + M) is equal to 31524, therefore the absolute maximum of (—0.000333 x
/+/+K+L+M is equal to 71. So four bits are required in integer part, forty one bits are used in decimal part and one bit is used for sign. The
binary representation of the digital variable (—0.000333 x (I +J + K + L + M)) is shown in figure 6.21.

—11 < (=0.000333 x (I +J+ K + L + M)) < 10

(0.000333)4, = (0.00000000000101011101),

(6.53)

(6.54)
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(—0.000333x (I +] + K + L + M))
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Figure 6.21: The binary representation of digital variable (—0.000333 XxX(U+]J+K+L+ M))

The binary representation of the digital variable adc,_ [k + 1] is shown in figure 6.22.

adc,_ [k + 1] = adc,_[k] —0.000333(I +] + K + L + M) (6.55)

—0.000333(I +] + K + L+ M), adc,_[k]
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Figure 6.22: The binary representation of digital variable adc,_ [k + 1] = adc,_ [k] —0.000333(I +] + K + L + M)
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Figure 6.23: Practical implementation of the observer equation in FPGA.
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The block diagram of the practical implementation of the observer in FPGA is presented in
figure 6.23. The calculation time-step is controlled by a 500KHz clock. This is relatively a
high clock frequency. As mentioned earlier the duration of the observable states within a
period are very limited and decreases as the number of cascaded H-bridges increases. In order
to have precise observed values it is necessary to have enough number of calculation steps
within an observable state. For a multilevel inverter, having three cascaded H-bridge a
500KHz clock gives acceptable results. Obviously the clock frequency should be increased

for a multilevel inverter with more cascaded H-bridges.

The 14-bit D type flip-flops are used to sample the digital variables with a frequency of
500KHz to be used in observer equations. There are eighteen switching states produced by
PWM unit in the FPGA platform. Two switching states are sent to each H-bridge converter.
Therefore 18-bit D type flip-flops are used to sample the switching states with a frequency of
500KHz to be used in observer equations. Also two 55-bit D type flip-flops are used to

converter the observer output at step K + 1 to observer output at step K.

6.5 Practical results of observer

The practical results of the observer are presented in figures 6.24 — 6.26. In figure 6.24 the

measured and observed values of v, and i, under steady state conditions are presented.

54

vcl

Obs(v,,)

53

52
51

50

Voltage(V)

49

48

a7

46 1 1 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time(sec)

Figure 6.24 a) Practical results of observer under steady state conditions, v, and ¥,
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Figure 6.24 b) Practical results of observer under steady state conditions, i, and

In order to verify the proposed observer performance under step change condition, two step

changes are applied in input power at t = 0.68 sec and t = 2.78 sec. The dc-link voltages
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54
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are shown in figures 6.25 and 6.26.
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Figure 6.25: Practical results of observer under step change in input power
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Figure 6.26: Practical results of v, — v, Under step change in input power

-link voltages have the same change. The observer result is shown in figure 6.25.
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6.6 Summary

In this chapter the sliding mode observers based on equivalent control method have been
implemented practically on FPGA using VHDL programming language in fixed point system.
The 2’s complement method has been used to perform mathematical operations in binary. The
switching model of practical power converter considering the effect of real IGBTs is
presented. In order to increase the accuracy of calculations and to reduce the required gates
for observer implementations, the observer equations are modified in way to have digital
variables instead of real variables. Finally practical results of observer on three-phase and
three-cell prototype power converter are presented. Practical results confirm the efficiency of

proposed observer in power converter applications.
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Chapter 7

Conclusion

Multilevel power converters are widely used in medium voltage applications. There are
several topologies for multilevel power converters. The cascaded H-bridge converter is one of
multilevel power converter topologies with modular structure. The three-phase cascaded H-
bridge converter is the possible topology for the power electronic substation and is considered
in this work. The power electronic substation could be capable of providing Voltage ratio
adjustment, Frequency changing, Phase changing, Asymmetric load current cancellation,
Voltage asymmetry cancellation, Reactive power control, Active power control and Harmonic
cancellation in a power network. To achieve any of these functions, a number of control loops

are required.

Three control loops include a current control loop, voltage control loop and capacitor
balancing loop have been implemented at port-A and a current control loop has been
implemented at port-B. The dq transformation has been used to decouple the system
equations. The control loops are designed based on the “root locus method”. Phase-Shifted-
Cascaded PWM has been selected and implemented as the power converter modulation

technique.
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In order to increase the control system reliability, a capacitor voltage observer is implemented
on the power converter to have redundant knowledge of dc-link voltages. Several observation
methods have been considered for this application. A sliding mode observer (SMO) based on
the equivalent control method has been chosen and implemented on a two-port power
converter. The selected SMO is easy to implement practically and is robust against some of
uncertainties in system model or system parameters. In order to avoid chattering and high
frequency discontinuous signals a piecewise linear approximation of the sgn() function has

been used in observer equation.

The first step in observer design procedure is to check the system observability. In the
multilevel cascaded H-bridge converter, system observability depends on the system
switching states. It has been shown that only a small percentage of a switching period is fully
observable and the observable states decrease as the number of cascaded H-bridge cells
increases. During unobservable modes the voltage observer tracks the voltage ripples without
trying to decrease the offset between observed and measured values. During unobservable
modes, any uncertainty in capacitance value or any measurement error in currents will result

in voltage drift.

In order to have precise observed values it is necessary to have enough number of calculation
steps within an observable state. For a multilevel inverter, having three cascaded H-bridge a
500KHz clock gives acceptable results. Obviously the clock frequency should be increased

for a multilevel inverter with higher number of cascaded H-bridges.

In the two-port power converter, the selected SMO is robust only against variation in
capacitance value and measurement error in output current. The measurement error in output
current is caused by the DC-DC converters. Any other variation in parameter values or any
simplification in system model will result in voltage drift in observer output. In practical
power converter the voltage drop across IGBT switches should be modeled in observer
equations. Application of the SMO without considering the small voltage drop across the
IGBT switches will cause offset in observer results.
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To validate the proposed observer a three-phase three-cell power converter has been
constructed. The sliding mode observers based on the equivalent control method has been
implemented practically on the FPGA using a VHDL programming language with fixed point
numbers. The voltage drop on the IGBT switches during conduction mode is considered in
observer equations to improve the accuracy of the observer equations. The calculation time-
step is controlled by a 500KHz clock. Practical results confirm the correct operation of the
proposed observer in this power converter application. The following section summarizes the

achievements and contributions of thesis.

7.1. Achievements and new contributions

The achievement and new contributions related to the challenges and difficulties of the dc-
link voltage observation in the two-port power converter are presented in this section. The

main challenges which have been discussed in section 1.1 are listed below.

e Complex structure of the power converter doesn’t allow having exact mathematical
model of the system hence an approximated model of system has been used to

construct the observer equations.

e The magnetizing and core loss currents in the medium frequency transformers of the

DC-DC converters introduce error in the output current measurements.

e In practical cases the capacitance value are different from the nominal value and there

is always uncertainty in capacitance.

e The system observability depends on the power converter switching states. The dc-
link voltages are observable during a very small fraction of a switching period. The

duration of observable states decreases as the number of cascaded H-bridges increases.

The solution for each challenge and also the new achievements of thesis are listed as follows:
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e Since the presence of the DC-DC converter in each module of the power converter
increases the system model complexity, a simplified model has been presented in

section 4.6. Based on this model the observer equations have been constructed.

e An observer has been designed which is robust to output current measurement error

caused by magnetizing and core loss currents in the medium-frequency transformers.

e An observer has been designed which is robust to capacitance value changes.

e The challenge of observability has been addressed. This has entailed the calculation
being controlled by a 500KHz clock. For a multilevel inverter, having three cascaded
H-bridge a 500KHz clock gives acceptable results. As observable states are only a

small fraction of a switching period, such a high frequency is necessary.
e The SMO using the equivalent control method has no robustness to model mismatch

because of the voltage drop across IGBT switches. An improved mathematical model

that considers the voltage drops across switches has been developed in section 6.3.

It has been shown that the selected observer is suitable for the two-port power converter.
However some further work is needed to be done. A list of possible further work is listed in

the following section.

1.2. Further work

e Observing all dc-link voltages using an FPGA with bigger number of gates or may be

using several FPGAs or combination of both solutions.

e Implementation of observer to a multilevel inverter with higher number of cells to

prove its applicability for multilevel inverters having more than three cells.
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e Choosing optimum sampling frequency for observer equations in multilevel inverters

with different number of cells.
e Using the dc-link observed values instead of measured values in feedback loops to
validate the practical applicability of the proposed observation method in closed loop

applications.

e Applying observer at both ports of power converter and using the observed values in

DC-DC converters as well as voltage control loop and capacitor voltage balancers.
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I.  Almaleki, M., P. Wheeler, and J. Clare. Sliding mode observer design for universal
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Il.  Almaleki, M., P. Wheeler, and J. Clare. Sliding Mode Observation of capacitor
voltage in multilevel power converters. in Power Electronics, Machines and Drives
(PEMD 2010), 5th IET International Conference on.

Submitted Journal Papers

I1l.  Almaleki, M., P. Wheeler, and J. Clare, Sliding Mode Observation of capacitor
voltage in multilevel power converters. Industry Electronics, IEEE Transactions on
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