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CHAPTER 1

Introduction

Power electronics systems (PES) have been widely used in industry as effective means of po-
wer processing, and played a more important role in most electric power applications. Power
semiconductor devices, as the basis of power electronics systems, are always the technical bott-
leneck because of the semiconductors’ physical limitation. In the past several decades, various
devices such as thyristor, bipolar junction transistor (BJT), metal-oxide-semiconductor field ef-
fect transistor (MOSFET), gate-turn-off thyristor (GTO), integrated gate-commutated thyristor
(IGCT) and insulated gate bipolar transistor (IGBT) were developed one after another. After
the 1990s, because of good power capability, ease of control and reduced cost, MOSFET and
IGBT dominated the power switch market. Although every kind of device has its shortcomings
and advantages at the same time, in most industrial conditions one could always realize the
required PES with a single type of the semiconductor device. There can be various kinds of
requirements for a power processing system, but in general the following aspects are viewed as
two most important characteristics of the PES.

* High power processing capability.
* High dynamic response ability.

Most common industry applications have demands for only one of the two aspects above
mentioned. For example, the high power high voltage converter system has no excessive re-
quirements to the dynamic response and system switching frequency, due to the relative longer
system time constant and aim of switching losses reduction. On the other hand, however ap-
plications like switching mode power supplies require very high switching speeds in order to
reduce the weight of the necessary magnetic components and increase the power density. Mo-
reover, for the recent high speed and precise servo motor drives, fast dynamic response is also
very important. Fortunately, either high power low switching devices or high dynamic low
power components are available on the current power electronics device market.

Recently and owing to its intrinsic superiority to the software based simulation, the Hardware
-in-the-Loop (HiL) system has got in the focus of researchers. Especially by using power elec-
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tronics converters, HiL has a possibility to include real power transfer in the previous signal-
based traditional simulation. This new simulation technology named as Power-Hardware-in-
the-Loop (PHiIL) increases the reliability and reality by adding the physical nature of energy in
the simulation process. However, due to the high power rating and large bandwidth of emu-
lation objects, PHiL systems require high power capability and high dynamic response ability
simultaneously. Therefore, using only a single type of current semiconductor and circuit to-
pology, it is difficult or even impossible to construct a system with such characteristics. How
to extend the performance of the PES based on the market-available devices becomes the key
issue of PHiL researcher. As mentioned before, because of its physical limitations, every type
of semiconductor device has its own weakness which could be the strength of another device.
Naturally, a superimposition of characteristics of various devices can be a good solution for the
performance extending requirements. Magnetically coupling of several identical or different
inverters in various topologies, which will be termed here as Inverter Cumulation, is believed
to be an effective means to the PHiL, and is the main contribution of this dissertation.

Several successful attempts of inverter cumulation have been done at the institute, and two
PHiL emulators were developed based on these cumulation systems:

e Virtual Machine which emulates the electrical behaviours of various different induction
machines.

e Virtual Grid which emulates the normal, transient, harmonics, and fault conditions of the
utility grid.

The two corresponding inverter cumulation topologies are:
* Magnetic-parallel coupling of identical inverters.
* Magnetic-series coupling of different inverters.

During the initial phase of my Ph.D. work, I performed the experimental part of the first
project. After that, I focused on the second project which goes beyond the topology of the vir-
tual machine. This dissertation mainly documents theoretical analysis and experimental results
of these two projects, and is organized as follows: The next chapter gives an overview of two
important power semiconductor devices (IGBT and MOSFET) and the principle of the two le-
vel voltage source inverter and the 3-phase voltage/current system in order to give the reader
the necessary theoretical background. In chapter 3 the first attempt of inverter cumulation —
magnetic-parallel coupling of identical IGBT inverters are introduced. Based on this inverter
cumulation system, a PHiLL. emulator — virtual machine is realized, and it emulates its terminal
voltages as real as the back EMF of an induction motor. Chapter 4 firstly introduces the original
idea of series-magnetic cumulation topology. However, the experimental failure of the original
idea forces one to make a deeper theoretical analysis of the problem. Based on the analysis,
the switching frequency components of the inverter must be filtered out before the coupling
inductor. At the end, the final modified topology is shown. From the topology point of view,
the cumulation system has two units which identically have one VSI with an LC output-filter.
Therefore, the control strategy of the whole system is in fact the output voltage control of the
LC filter. In chapter 5, several different control methodologies are discussed. The last chapter
explains the implementation of the prototype test bench, and then demonstrates the obtained



experimental results to verify the performance of the inverter system and functionality of the
PHiL grid emulator. Finally, conclusions and discussions are made and an outlook to future
works is given.



CHAPTER 1. INTRODUCTION




CHAPTER 2

Background

This chapter first provides a brief overview of the two most popular power electronics switches.
Furthermore, the working principle of the basic two-level inverter system and the mathematical
representation of the 3-phase system in synchronous frame are described.

2.1 Power semiconductor devices

The invention of the thyristor or silicon controlled rectifier (SCR) at General Electric (G.E.), in
1956 is viewed as the start era of modern power electronics devices. As the heart of power elec-
tronics systems, the performance of power semiconductor devices is continuously improving
along with the reduction of their cost, which decreased to less than half in the past century. The
desire to have an efficient, reliable and cost-effective design, leads to the engineers requirements
to use ideal switches in converters. A ideal switch must have the following characteristics:

* No limit on current ratings (forward or reverse current) when the device is in the on-state;

No limit on voltage ratings (forward or reverse blocking voltage) when device is in the
off-state;

Zero conduction drop;

Zero leakage current;

Instant switching (zero rise and fall times)

Although it is not realistic to have all these features, the industry has moved step by step in
this direction. At the same time, PE engineers always try to investigate new circuit topologies
to overcome the drawbacks of power semiconductor devices. In the following, a very brief
introduction of several representative devices is given in the sequence of their invention time.
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The detailed physical structure, working principle, switching characteristics, and driver design
etc. are out of the scope of this thesis.

2.1.1 Thyristor-type devices and power BJT

A thyristor is a three-terminal device which has four layers of alternating p-type and n-type ma-
terial. It is essentially a three-junction pnpn device where pnp- and npn-component transistors
are connected in a regenerative feedback mode. Thyristors can be switched into conduction
mode by a short gate current pulse, and the gate signal is not required after the device is con-
ducting. Due to the high voltage and current ratings, thyristors are typically used at the large
energy levels in power condition circuits. However, one loses the control capability of turning
off the devices once they are conducting. Thus thyristors are most used for the phase control of
the line voltage in a line commutation mode.

GTOs (Gate Turn-off Thyristor) like conventional thyristors can be turned on by applying a
positive gate signal to its gate terminal during forward block condition, but they are designed to
be able to turn-off by applying a negative gate signal. This turn-off capability of a GTO is due to
heavily interdigitated gate-emitter geometry that permits diversion of the pnp collector current
by the gate thus breaking the the pnp-npn regenerative feedback effect [1]. One drawback
of GTOs is the poor current gain which is normally below than 5. Moreover, the blocking
capability requires thick n-base regions to support the high electric filed, which results in an
excessive amount of carriers to remove — large turn-off current tail. Therefore, the GTOs are
normally used at conditions with switching frequency around several hundred hertz. The IGCT,
Integrated Gate Commutated Thyristor, which is a minor modification of the GTO, is designed
and manufactured so that it always has a low-loss n-buffer region between the n-base and p-
emitter. The IGCT device package is designed to result in a very low parasitic inductance and is
integrated with a specially designed gate-drive circuit. The gate drive contains all the necessary
di/dt and dv/dt protection; the only connections required are a low-voltage power supply for
the gate drive and an optical signal for controlling the gate. The specially designed gate drive
and ring-gate package circuit allows the IGCT to be operated without a snubber circuit, and to
switch with a higher anode di/dt than a similar GTO [2].

Power BJT (Bipolar Junction Transistor) has the same structure and working principle as
the conventional bipolar junction transistor. But unlike the signal level devices which take the
current gain, linearity, frequency response and noises etc. into consideration, its main charac-
teristics are high block voltage, high current rating and better switching performance. A power
BJT has three layers of either pnp or npn which form two pn junctions, but npn type transistors
are more common to make a Darlington connection. Unlike thyristors, BJTs require a conti-
nuous gate-controlled current. Thus the most difficult design aspects to overcome are the base
drive circuitry which must generate high and prolonged input currents. Due to minority carriers
being removed by the negative gate current entirely and quickly, power BJTs are able to be
switched (several kHz) much faster than the thyristor-type devices. However, compared with
the new technology of MOSFETSs and IGBTs, they are considerably slower, and exhibit long
turn-on and turn-off times. Although lower input capacitance and saturation voltage are their
advantages, the voltage-controlled devices like MOSFETs and IGBTs are now better alternati-
ves than BJTs.
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2.1.2 Power MOSFET

Power MOSFETs (Metal Oxide Semiconductor Field Effect Transistor) are voltage-controlled
semiconductor devices, which means their drive circuit is simpler and requires smaller power
compared with the current-controlled power electronics switches. Moreover, unlike the BJT,
and since only majority carriers contribute to the current flow, the MOSFET surpasses all other
devices in switching speed. However, the MOSFET has no latching current capability, thus the
gate source voltage must be maintained. The on-state resistance 7pg(on) increases rapidly with
the device blocking voltage rating. Because of this, the voltage rating of a MOSFET is lower,
and it is typically used in applications with a power range below 10kW.

Various types and structures of MOSFETs are available on the market. By means of doping
profiles, there are n-channel and p-channel MOSFETs, however n-channel devices are more
commonly used. As shown in Figure 2.1, a MOSFET has three terminals (source, drain and
gate) and a four-layer structure. When a positive voltage is applied across the drain and source,
the MOSFET is in the off-state if the gate and source are in the same potential Vs = 0, and
no channel is established in the p-base region. In order to assure the blocking capability, lower
doping in the n-drift region is necessary.

Source Gate Si04 nt-Poly-Si

Drain

Figure 2.1: Vertical cross-section structure of a MOSFET

As the gate terminal is isolated from the body by a layer of silicon dioxide (gate oxide), there
can be no gate injection current. However, a positive Vs will generate an electric field which
repels the majority of carrier holes from the interface region of the p-type and thus exposes the
negatively charged acceptors. When the density of free electrons is bigger than the holes, the
p-type layer is converted to an n-type layer which is termed inversion layer. Because of this
inversion layer, a path or channel between the n™ drain and source is generated, which permits
the conducting of the device. This ability to modify the conductivity type of the semiconductor
immediately beneath the gate insulator by means of an applied voltage or electric field is named
field effect [3].

The key for modern power electronics is higher and higher switching. The size and weight
of the passive components which serve as the output filter of the power converters can decrease
dramatically as the result of the increase in the switching frequency. For this reason, MOSFETs
are used extensively in switching mode power supply (SMPS), resonant mode power supply
and high speed motor drives, etc. Therefore, MOSFETSs replace BJTs and several other devices
developed before in the small power range application quickly, and they still have a very high
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market share. However, as illustrated before, its on-state resistance increases dramatically with
increased blocking voltage, hence conduction losses become too high. Thus MOSFETs are
limited to a power range of several kilo watts.

2.1.3 IGBT

As mentioned before, the power BJT has a lower on-state resistance especially in devices with
a larger blocking voltage, but because of the long switching time, especially during turn-off,
they can only be used in low switching applications. On the other hand, the MOSFETs are
the fastest switching devices, but they have high conduction losses as a result of the large
on-state resistance especially when the blocking voltages are higher. IGBTs (Insulated Gate
Bipolar Transistor) are the new attempts which combine BJTs and MOSFETs monolithically
on the same silicon wafer and hence have the superior advantages of both types of devices.
The structure of an IGBT is shown in Figure 2.2(a). Compared to the structure of a MOSFET,

® (ate C
Emitter
(o]

Si0; —» R — Si0,
(Gate oxide) Rn

(Gate oxide) T s
%n_/ b %4—— Body region
3
n”

<«—Drain drift I'
n region G
Pal n’ l«—Buffer layer
N «—Injecting layer !

VT TATIISTTLTIS TS II TS TSI IS TSI SIS TSI IT TSI TSI TS lo)
Collector E
(a) Vertical cross-section structure of IGBT (b) Equivalent circuit

Figure 2.2: Structrue of an IGBT and its simplified equivalent circuit

the IGBT has an additional p™ layer at its collector terminal. This layer forms a pn junction
J1, which injects minority carriers into what would appear to be the drain drift region of the
vertical MOSFET. The conductivity of the drain-drift region is modulated by the injection of
minority carriers, and since the conduction resistance of the drift region is what dominates the
on-state resistance of the MOSFET, hence this conductivity modulation will significantly incre-
ase the current-carrying capabilities of the IGBT. The rest of the IGBT structure is basically a
MOSFET.

As explained previously, an inversion layer also forms beneath the gate of the IGBT, which
shorts the n~ drift region and the n™ source region exactly as in a MOSFET. An electron current
which flows through this inversion layer causes substantial a hole injection from the p™ which
is superior to the MOSFET. The p* layer of the collector, the drift n~ layer and the p region
constitute a BJT with a wide base region and hence small current gain. From this description,
the IGBT is modelled as a Darlington circuit with the pnp BJT as the main transistor and the
MOSFET driver device (shown in Figure 2.2(b)).

IGBTs have on-state voltage and current densities comparable to a power BJT with a higher
switching frequency. Although they exhibit fast turn-on times, their turn-off times are slower
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than a MOSFET because of the current fall time. The current tail limits the IGBT operating
frequency and there is a trade off between the on-state losses and faster switching times. Ho-
wever, IGBTs have considerably higher voltage and current ratings than MOSFETs. IGBTs
and MOSFETs are still the two most popular switching devices in power electronics, and their
characteristics complement each other in some aspects.

2.1.4 The practical switch

Every power semiconductor device developed in the past has its advantages and shortcomings
at the same time. Although the new devices always show more superiorities to the previous
ones, no device is an ideal switch capable of satisfying all the requirements in every working
condition. A practical switch has the following switching and conduction characteristics:

* Limited power handling capabilities.
* Limited switching frequency.
* Finite on-state and off-state resistances.

* Conduction losses and switching losses.

Selecting the most appropriate device for a given application is always a challenging task.
It requires the power electronics engineers to have the knowledge about the device’s characte-
ristics, unique features and engineering design. Among the various characteristics, the power
rating and dynamic response or switching speed are the two most important aspects which deter-
mine a final choice of device for a specific application under specific working conditions. Based
on the previous introduction, Figure 2.3 shows an approximate power and switching frequency
characteristics of the most common power semiconductor devices.

101
Power \

Fival N
10° 4+ )

GTO

2 . . AN
1074 {1 hyrigtor N\,

105+

ol BJT —

1004

— N\
MOSFET

107! y I | | N

100 10 1 0.1 0,01

Turn-off time [s¢s]

! 1 1 1

0.01 0.1 1 10 100 1000
Switching frequency [k /]

Figure 2.3: Power vs switching frequency characteristics of power devices [4]

As can be seen from the figure, in the high power range, GTOs/IGCTs and thyristors are
comparable, however due to the turn-off control capability and faster switching, GTOs/IGCTs
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replace the thyristors in these applications of this power range. IGBTs have a comparable power
range with BJTs, and a little smaller power rating than GTOs, but higher dynamic response than
both of them. Therefore, the BIT is not a competitive solution for applications in this range.
IGBTs dominate in the medium power rating and dynamic response industrial applications. The
MOSFET has the highest the switching frequency than all the other devices. Although it has
a lower blocking voltage and hence a smaller power rating, the MOSFET is the only capable
candidate which can handle switching frequencies above 100kHz.

Due to the physical limitation of each power device, no single type of semiconductor switch
can cover all the power electronics systems with a whole range of power and dynamics. But
power electronics engineers can always find an appropriate device for their designs, because
power and dynamics are not simultaneous requirements of the most industrial conditions. The
system with high power and high dynamics is however desired in some special cases like PHiLL
explained before. A solid understanding of the current market available devices is the basis for
investigating a possible solution.

2.2 The Two-level voltage source inverter and three-phase sy-
stems

The two-level voltage source inverter is the basic circuit of the DC-AC power electronics sy-
stem. Due to its simplicity and functionality, it plays the most important role in motor control,
UPS systems and other grid-connected energy convention systems. As shown in Figure 2.4,
each phase of the inverter has two switches S,; and S,, which are IGBTs in this case. By

wel HCEF U

1 j—
b Udc

R PR PR

v
4# Vg vy Ve
vno
(0] -« :
n

Figure 2.4: Three-phase two-level inverter

activating either the upper switch or the lower switch during each switching period, the output
line voltage vy, is modulated with alternative potentials ether %Udc or —%Udc. Simultaneous
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on of both switches is strictly forbidden, as this would lead to a short circuit of the DC-link.
Both switches in the off state leads to an undefined potential at the output terminal, and breaks
the current continuous flowing loop which is dangerous under a heavy inductive load condition.
Therefore, the allowed switching states are shown in Table 2.1. The neutral point voltage v,,, is
the common voltage of the three-phase system.

Table 2.1: Switching states and output voltages of a two-level inverter leg

Sw S;pl S:EZ Vout
1 1 0 0.5Vge
—11] 0 1 | =0.5V

1
VUno = g(ULa + vpp + ULC) (21)
The phase voltage v, (x C abc) can be calculated as follows:
Vg = ULz — Uno (22)

2.2.1 Mathematical representation of the three-phase system

The aim of the inverter is supplying a sinusoidal symmetrical three-phase voltage to the load
system. Therefore, the phase voltages can be described as follows:

Ve = U - sin(w - t) (2.3)
_ 2m
vy =U -sin(w -t + ?) (2.4)
4
vy =U -sin(w -t + ?F) (2.5)

They can be represented by a three-axis coordinate system as shown in Figure 2.5, but the three-
axis a, b and c are not linearly independent of each other [4]. The space vector representation
decouples the reference system and transforms a three-phase system into a two-dimensional
coordinate system. The space vector is defined as the following equation:

T, =1T,+a-1,+a’- z. (2.6)

a=¢"% (2.7)

The space vector s can be split into o and S components in the above mentioned two-
dimensional static coordinate system.

Ts=2xq+ 7] 8 (2.8)
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Figure 2.5: Reference systems

By substituting equation 2.8 into 2.6, the transformation can be written in the form

o
Lo

2 1 _1 _ 1
[ 2 2 (2.10)

wet [l ]

Equation 2.10 is commonly named as the Clarke transformation operator. The reverse transfor-
mation can be calculated in the form

Lq
-1 Lo
w | =T; [ ] (2.11)
g
Ze
10
Tol=| -1 ¥ (2.12)
S V]
2 2

By applying the Clarke transformation, one can decouple the 3-phase non-independent time-
various variables into two independent o3 components. However, in many industrial applica-
tions, conventional PI controllers can only compensate DC errors. The space vector ¢ in the
stationary frame is still a rotary vector, hence its two dimensional components are still time
various variables. Therefore all the variables should be transformed as a DC vector in a syn-
chronous dg-frame (as shown in Fig. 2.5) which rotates with the same frequency w as the space
vector . Normally the the d-axis is aligned with the space vector, and the transformation is
named as Park transformation which is described by the following equations:

o=t (2.13)
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T _p | T 2.14
T, o Tg (2.14)
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P —sin(p) cos(yp) @.15)

The reverse Park transformation from dg to a3 is:

[‘T“ ] — T [ v ] (2.16)
Zs Lq

T [ cos(p) —sin(yp) ]
P sin(p)  cos(p)
As explained previously, each leg of the two-level inverter has two switching states, so in sum
there are 23 switching states for a 3 phase inverter. By applying the space vector equation 2.6
to all these switching states, one can get the space vector diagram of the voltage source inverter
as shown in Figure 2.6.

(2.17)

1
VUpz = Sz * §Vdc (2.18)
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Figure 2.6: Space vector diagram of a 2-level voltage source inverter

As shown in the figure, the red circuit orbit with the amplitude of \/%Vdc coincides with
the highest allowable reference value for a linear modulation, which can be located within a
hexagon that is constructed from the six active vectors with length %Vd(,
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2.2.2 Pulse width modulation of the voltage source inverter

In modern power electronics systems, pulse width modulations (PWM) are widely used to drive
the power switches in on/off switch mode operation, and in which the modulator ensures the
average voltage (per sample interval) equals the user defined average reference value [5]. The
two best-known PWM technologies are the triangular carrier-based sinusoidal PWM (SPWM)
and the space vector modulation (SVM) [6]. A detailed review of PWM in power converters
is beyond the scope of this thesis. In the following, only brief introductions of the working
principles of the two above mentioned PWMs are presented to the readers who are not familiar
with this issue.

Sinusoidal PWM is based on a triangular carrier signal. The three phase voltage reference
signals v}, vy, v are compared with the common carrier, then the gate signals of the inverter are
generated based on the logical signals of the comparison. Typically, if the reference voltage v}
is bigger than the carrier, a positive logical signal is generated, and the upper switch of x leg is
activated; and the lower switch is switched on when the v is smaller than the carrier. As shown

T T T
% L—
[al)
0
1 1 1 1
0 4 8 12 16 20
T T T T
5 Ulc
S 0F l ’ 4
*;Udv 4
1 1 1 1
0 4 8 12 16 20
T T T T
5 Ulc
g 0F l l 4
ZUdL 1 1 1 1
0 4 8 12 16 20
1Use .
s 0 -l l .
—1U. |
1 1 1 1
0 4 8 12 16 20

time[ms]
Figure 2.7: Basic waveforms of carrier-based sinusoidal pulse width modulation

in Figure 2.7, the waveforms of the reference voltage signals are compared with a sawtooth
carrier, and output phase voltage of each leg alternates with the values of either %UdC or —%Udc.

The other popular modulation scheme is the space vector modulation. 1t is directly based
on the space vector defined in Equation 2.6. On the space vector diagram, a desired voltage
waveform is a trajectory of the reference space vector’s end. In each short switching time
interval At, one average vector is used as the modulation reference as shown in the figure 2.8.
This average reference vector is approximated by activating the two adjacent voltage-vectors
and the zero-vector for suitable durations. By analysing the example case shown in Figure 2.8,
the following equations explain the principle of the SVM.

Brep - At =Ty -ty + By - by + Trys - b (2.20)
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Figure 2.8: Space vector modulation of a 2-level voltage source inverter

. — . 1
B —azis: |Ues|sin(p) - At = ﬁ‘/dc “tg (2.21a)
1
a—aris:  |Upey|cos(p) - At = —=Vy. - (2t1 + 1) (2.21b)

V3

where t1, ¢, and ¢ are the activating time of the space vector v}, ¥ and the zero vector vy /g
At =ty +ty + 1 (2.22)

By solving Equation 2.21 and 2.22, one can get the time interval of 1, ¢, and .

2.3 Summary

In this chapter, a brief overview of the different power semiconductor switches is given first.
Due to the superior characteristics and better performance, IGBT and MOSFET are two com-
plimentary devices which are widely used in high power and high dynamic applications re-
spectively. However, as a result of physical limitation, no single type of device can satisfy
every performance requirement with one circuit topology. The following part explains the ba-
sic principle of the two-level voltage source inverter and the space vector presentation of the
three-phase system. These all serve as the basic background of this dissertation.
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CHAPTER 3

First attempt of Inverter Cumulation and Virtual
Machine

As explained in the chapter before, a power electronics system with high power rating and high
dynamic response results in excessive requirements on the power semiconductor devices. In the
past, high power and high dynamics have not been two simultaneously expected characteristics
in industrial application. However, due to the quick development of the Power Hardware-in-
the-Loop (PHiL) system, a power conversion system which delivers enough power and exhibits
wide bandwidth is highly demanded. The Inverter Cumulation is defined as:

Interconnection (parallel, series and cascade) of identical or different voltage source inverters
via magnetic or galvanic coupling.

The inverter cumulation is believed to be an effective approach to extend the power and dynamic
performance of a power electronics system. In the past we tried various circuit topologies. As
I did several experimental and documentary work on it, and due to the importance of further
extending the project, this chapter presents the first attempt of our inverter cumulation and the
PHiIL emulator Virtual Machine [7] based on this topology.

3.1 Problem formulation

In order to prevent early failures in commercial products, a power inverter test (burn-in test) is
an important issue before the delivery of customers application. Generally, the manufacturer
of power inverters for drive applications has to use a multitude of different electrical machine
units (as shown in Fig. 3.1) to emulate the industrial applications as close as possible to the
reality. But in most of the cases the inverter under test (IUT) is only connected to a machine
under no load condition, for the sake of financial benefit and production time reduction. Thus
the inverter operates just for a short time during acceleration and deceleration at maximum
power. Obviously, this procedure, which is actually more stressful for the electric machine than
for the IUT, does not properly emulate typical operating conditions of the inverter. The direct
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consequence is a severe lack of pertinence of the results gained from the tests. In fact, a PHiL
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Figure 3.1: Schematic diagram of a conventional test bench for testing power drive inverters

emulator can be substituted for the real machine in inverter testing applications. These motor
emulators basically include a power amplifier controlled by a real-time computer to emulate the
electrical behaviour of a real motor. Various topologies have been proposed as Virtual Machine
in the last several years [8—14]. They generally comprise of a back-to-back converter as a power
amplifier, allowing energy to be fed back to the grid and hence, increasing the efficiency of the
test bench appreciably. The detailed comparison of different topologies is out of the scope of
this dissertation. In the following section, the overview topology of our virtual machine and the
special performance requirements of the emulator power stage is illustrated.
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Figure 3.2: Schematic of the proposed test bench topology.

As shown in Figure 3.2, beside the IUT, the VM features a power unit with an active front
end for the purpose of energy savings as well as a DSP-based Real Time System (RTS) and
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inductive elements allowing the coupling with the IUT. Line currents between the IUT and the
VM are measured and sampled by the RTS. Using a machine model, which will be described
in later sections, the corresponding value of the back electromotive force (EMF) and the rotor
speed are computed. While the back-EMF is then modulated by the power unit, three binary
signals are generated from the speed value like the ones of a incremental encoder and passed to
the IUT.

3.1.1 Performance requirements of the power electronics system of the
VM

An essential requirement to the VM is the possibility of testing the IUT under any of its opera-
ting conditions. This especially includes overload tests. For this reason, the performance of the
VM has to be slightly greater than the IUT. In practice, an increase of the DC link voltage of 20
to S0V turns out to be sufficient. Therefore, with respect to the power level, the converter inside
the VM can be of the same type as the IUT, since the voltage increase stays within the tolerance
margins of most industrial inverters. In this case, only an adjustment of the control parameters
is needed. Furthermore, using a common inverter instead of a specifically designed system is
economically advantageous.

On the other hand, as is well known, switched power sources generate output voltage wa-
veforms with great amounts of parasitic harmonics. Such parasitic harmonics will hence appear
in the back-EMF waveform generated by the VM, and special care has to be taken so that they
do not alter the behavior of the IUT. However, the coupling inductors between the VM and
the IUT will act like low-pass filters and remove the upper harmonic range from the currents
flowing through the IUT. Since these currents (and not the back-EMF) are used as control vari-
ables by the IUT, choosing a switching frequency high enough will alleviate the adverse effect
of switching harmonics.

In fact, owing to the physical limitations of semiconductor devices, doubling or tripling the
switching frequency of an industrial inverter is relatively arduous to realize. An effective me-
ans of overcoming this difficulty while still using standard commercial products is connecting
several inverters in parallel on the same DC link and activating them sequentially, as described
in the next section.

3.2 Magnetically paralleled inverter cumulation system

In order to build a system which satisfies all the requirements of the VM with standard market
available devices, the power stage is a inverter cumulation system which is composed of five
identical IGBT inverters which are magnetically coupled and sequentially switched. By doing
this, the overall system switching frequency is five times higher than each single inverter. As
mentioned in Chapter 2, IGBTs are capable of handling high power with a moderate switching
frequency. The presented inverter cumulation system is believed to increase the system mo-
dulation frequency meanwhile keep switching speed within the limitation of each device. This
section presents the working principle and the realized test bench in detail.
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3.2.1 Sequential switching

Sequential switching, often improperly referred to as interleaved switching, is a switching
scheme for parallel-connected power semiconductor devices, in which they are switched on and
off one after the other but never simultaneously [15,16]. On the contrary, interleaved switching
makes use of concurrent operation of parallel devices [15-22].
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Figure 3.3: Sequential switching of parallel power semiconductor devices in a voltage source
inverter.
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Figure 3.4: Example of sequential switching pulse sequence for power devices connected in
parallel.

Sequential switching, as used in the VM, allows to distribute switching and conduction losses
among several IGBTs instead of only one. In this way, it is possible to increase the power ca-
pability of a system as well as its modulation frequency fpwm Without exceeding the maximum
ratings of the individual devices. Fig. 3.3 illustrates the concept with a three phase voltage
source inverter in which usual IGBTs have been replaced by arrays of five switches connected
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in parallel together with a single freewheeling diode (Fig. 3.3). Fig. 3.4 shows a typical pulse
pattern for such an array (dead time of upper and lower switches not represented). The PWM
signal is not directly transferred to the IGBTs but is split into five couples of signals numbered
from 1 to 5. The first signal of couple ¢ is sent to IGBT a; while the second is used to activate
IGBT a;. In this example, sequential switching reduces the switching frequency of each power
device to a fifth of the PWM frequency, and the maximum switch-on period 7¢, max = 7' of each
semiconductor is limited to a fifth of the switching period 7iggr.

Nevertheless, in this configuration, the separate freeweeling diodes would have to carry the
whole phase current. In order not to overload them while increasing the switching frequency, a
slight modified design based on standard IGBT modules with integrated freeweeling diodes is
considered in the following part. However, this approach also raises a few serious challenges,
which are discussed next.

3.2.2 Necessity of a magnetic freewheeling control

While sequential switching of IGBTs is easy to implement, the freeweeling diodes are a matter
of concern, as they cannot be switched actively. If no particular care is taken, all diodes of
a half bridge may conduct during freeweeling operation. Ideally, the diodes should have the
same characteristics and share the load current equally. In practice, the physical properties of
electrical components show discrepancies. Consequently, the diode with the lowest internal
resistance will carry the major part of the load current and heat up more than the others. The
negative temperature coefficient makes the current flowing through the component increase.
This process continues until its possible destruction.

An effective approach to overcoming this problem, known as magnetic freeweeling control
and described in detail in [23], [24] and [25], is summarized in the following. It provides a
means of switching the freewheeling diodes sequentially, in the same order as the IGBTs by
using a magnetic element. The principle of this concept is exemplified in Figure 3.5.
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Figure 3.5: Example circuit of magnetic freewheeling control.

In Figure 3.5, five standard IGBT half bridge modules are connected in parallel. Each half
bridge output is connected to a coil terminal of the 5-phase coupling inductor shown in the
shaded box and assigned a number from 1 to 5. The coils are wound on the same magnetic core
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and exhibit a main inductance L,, and a leakage inductance L,. The power switches a;, af,
..., a5, ag are activated sequentially according to the pulse sequence shown in figure 3.4. The
diodes D}, D), ..., DL are expected to conduct the freewheeling current while the current in
phase A, i4, is flowing out of the coupling inductor, i.e. is positive according to figure 3.5. In
fact, the coupling inductor is the key component of the freewheeling control strategy. For the
sake of clarity, its behaviour and not its design is to be described first.

Assuming a positive phase current 74 and a PWM pattern according to Figure 3.4, IGBT a,
is activated by the first PWM pulse. The load current i,; starts flowing through IGBT a; and
coil 1. After turning off aq, i4; decreases with a slope equal to Ais/At, generating a voltage
drop across coil 1 given by:

Au = Au,, + Au,
Aip Aiay (3.1
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Figure 3.6: Experimental current waves obtained from the VM test bench.

Auwu activates the freewheeling diode Dj. Properly chosen values of main and leakage in-
ductances ensure that the freewheeling current mainly remains in coil 1. In fact, the choice of



3.2. MAGNETICALLY PARALLELED INVERTER CUMULATION SYSTEM 23

suitable values for these parameters is a crucial issue and will be discussed in detail in the co-
ming subsection. After the dead time, IGBT « is not switched on by the high level transition of
its gate signal and the positive load current continues flowing through diode D). Since all coils
are wound around the same magnetic core, as soon as the second PWM pulse switches on IGBT
as, the current commutates from D7 IGBT to a,, due to the influence of the main inductance
L,, of the coils. After the commutation, IGBT as conducts the full load current, which now
flows through the second coil. The same process repeats in the other meshes, when turning on
or off the corresponding IGBTs.

The proper operation of the coupling inductor has been verified experimentally. Figure 3.6
presents the current waveforms obtained with the PWM pattern previously considered and a
positive load current. The PWM frequency is 16kHz, which reduces the switching frequency
of an individual IGBT to 3.2kHz. Within a switching cycle, each current waveform exhibits a
main and four small current pulses. During the first part of each main pulse, the upper IGBT
of the related half bridge is active and conducts the load current. After the falling edge of the
PWM signal, the freewheeling diode of the same half bridge takes over and conducts the current
until the next IGBT is turned on. According to the results in figure 3.6, it turns out that, during
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(a) Turn-off process of a freewheeling diode in se- (b) Turn-on process of an IGBT in sequential switching
quential switching operation mode operation mode

Figure 3.7: Soft switching of diode and IGBT during the commutation process under sequential
switching operation mode

every PWM period, a small part of the load current also flows through inverters which should
normally not be active. This results from the voltage across the mutual inductance Auw,, existing
in every coil simultaneously as a consequence of the transformer effect. This is the reason why
four small current pulses can be observed in every current waveform. However, since they do
not contribute much to the switching or conducting losses, they are of no concern.
Furthermore, the proposed freeweeling control scheme makes the turn-off process of the
diode and the turn-on of the IGBT independent of each other. The coupling inductor limits the
current variation Au/At, thus reducing the reverse recovery current of the diode. During the
commutation, an IGBT switches on at zero current (see Figure 3.7) and its current then rises
with the same slope as the diode current decreases. As the total voltage drop is shared in the
same proportion between the two coupling inductances involved, the voltage of the IGBT and
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diode are zero during the switching process. This phenomenon, known as soft switching, leads
to a further decrease of the switching losses.

As mentioned, in the case of five IGBTs connected in parallel, the turn-on time of every
power electronics component is limited to a fifth of the switching period Tiggr, reducing its
conduction losses over this time interval. Decreasing conduction and switching losses at the
same time allows the power capability and modulation frequency fpwy of the system to be furt-
her increased without exceeding the maximum power ratings of the individual power electronic
devices.

Despite rising material costs due to the additional components, these advantages make se-
quential switching attractive for projects with low piece numbers and sustained development
efforts and justifies its use in the frame of the presented project. However, a solution involving
standard two level voltage source inverters (VSIs) rather than a specific design would be prefe-
rable in case of the VM, since it should remain flexible and hence, its structure independent of
the power range of IUTs used.

3.2.3 Parallel cumulation of voltage source inverters

In the previous section, five IGBT inverter legs are parallel magnetically coupled under the help
of magnetic freeweeling control, and are sequentially switched with a switching frequency of
fifth of the overall modulation frequency. For the same purpose, the possibility of coupling
VSIs in parallel by means of the aforementioned magnetic freeweeling control scheme has been
examined using an experimental rig involving 5 standard three-phase VSIs. The half-bridge
outputs of the five inverters were connected together according to the schematic diagram shown
in Figure 3.8. To do so, a separate coupling inductor following the same design as in the
previous configuration was used for each phase A, B and C (shaded boxes in Figure 3.8).
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Figure 3.8: A simplified power stage structure of a sequential-switched 3-phase VSI.

In order to verify the proper operation of the system described in Figure 3.8 and assess the
benefits arising from sequentially switching inverters connected in parallel in terms of energy
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loss reduction, thermal investigations were carried out. More precisely, the array of inverters
was first operated at a PWM frequency fpwm = 24kHz and at 10% overcurrent during 16
minutes. After that, the PWM frequency was increased to fpwy = 40kHz, making the switching
frequency of each IGBT equal to fs = 8kHz, i.e. its rated switching frequency. The blue curve
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Figure 3.9: Measured temperature of the cooling fins in normal and sequential switching mode.

in the diagram in Figure 3.9 shows the evolution of the temperature measured on the heat-sink
of an inverter. On the other hand, the green curve represents the temperature of a single inverter
operated at rated current and nominal switching frequency fs = fpwm = 8kHz. Owing to the
diagram, a significant amount of energy is saved thanks to reduced conduction losses and soft
switching in the inverter array, even at 40kHz. This validates the approach of using standard
VSIs coupled magnetically and switched sequentially for the power stage of the VM.

3.2.4 Coupling inductor design

The coupling inductor is the key component of the magnetic freewheeling control. It performs
two main functions: the sequential switching of freewheeling diodes and the current commuta-
tion between separate inverters. As described previously, the main inductance L,, guarantees
the current commutation and supports the sequential switching of freewheeling diodes. Unfor-
tunately, it also causes parasitic small current pulses in other branches at the same time (see
Figure 3.6). Therefore, an optimal value of L,, has to be found. On the other hand, as the
leakage inductance L, primarily allows the load current to flow through a single freewheeling
diode, a fairly high value of L, is required to improve the sequential switching performance
and compensate for the side effect caused by L,,.

As described in Figure 3.10, the magnetic flux generated by the three coils wrapped around
a ferromagnetic E-core pair can be split into a main flux ¢,, and a leakage flux ¢,. Magnetic
field lines belonging to the main flux ¢,,, form loops within the core, while lines leading to the
leakage flux ¢, are located in the non-ferromagnetic materials constituting the winding window.
In the case exemplified in Figure 3.10, the three coils exhibit their own leakage flux referred to
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Figure 3.10: Schematic diagram of magnetic field loops in an E-core.

as ¢y (1 € {1,2,3}). As can be seen, leakage field lines of two neighbouring coils oppose each
other, thereby weakening the leakage inductance of the coils. In order to attenuate this effect, a
wide winding window allowing for sufficient distance between each coil is required. Moreover,
according to [25], by using a special-designed multi-chamber bobbin with each coil wound in a
different chamber, the interactions between them can be further weakened.

On the other hand, the spacial distance between coils and magnetic core strongly influences
the value of the leakage inductance. Therefore, the distance between every coil and the distance
of each coil to the magnetic core should be kept constant, as far as possible. The winding ar-
rangement exemplified in figure 3.10, however, is not a good choice, because coil 2 has a larger
distance to the core than coils 1 and 3. Discrepancies in leakage inductances as a consequence
of this effect will have an adverse influence on the magnetic freewheeling control.
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(a) Schematic representation of the windings in the (b) Prototype of the coupling inductor

coupling inductor

Figure 3.11: Winding arrangement of the coupling inductor

In order to alleviate this drawback, each coil is divided into two sub-coils connected in series
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and wound in two separate chambers (see Figure 3.11(a)). By doing this, the average spacial
distance between the coils and the magnetic core is approximately identical. In the particular
case of the coupling inductor depicted in Figure 3.11(b), the width of the winding window was
increased by using U-cores instead of a pair of E-cores. In practice, several configurations were
tested in an iterative process until the desired freeweeling behaviour was achieved. Unfortuna-
tely, no systematic design guidelines could be found.

3.3 Virtual machine

The previous section mainly focused on hardware issues arising from the need for a high-
performance power stage to satisfy the requirements of the VM (see Figure 3.8). However,
since the VM has to mimic the electrical behaviour of a real motor at its terminals, a proper
model allowing the RTS to control the power stage accordingly has to be designed.

3.3.1 Inverted machine model

As stated at the beginning, the VM should not attempt to enforce the phase currents since this
would lead to conflicts with the current controller inside the IUT. For this reason, the model
discussed in the following uses the phase currents as input quantities and computes the back-
EMF which would be generated by a real asynchronous machine through which these currents
would flow. The calculated back-EMF is then modulated by the power stage.

Using the notations introduced in [26], the voltage equations of an induction motor in stator
coordinates are: (all symbols below are listed in Appendix A.1.

d S
ul =7yt + ——= v (3.2a)

dr

g %/)S
0=r, + + jwip;, (3.2b)

and the flux linkage equations are:

g = lsig + Ity (3.3a)
P =11 + 2] (3.3b)

Rewriting the voltage equations with stator current ¢, and rotor flux ), as state variables
yields

d S
;’b + ;) = il + jwT ) (3.4a)
dz k. (1 1
T 2 =" <— — jw) P+ —us, (3.4b)
dr To \ Ty Ty

where r, = r, + kfn and 7 = ols/r,. Solving (3.4b) for u? leads to the following relati-
onship:
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S

ug = 1ot ol + — (jur — 1) 4y (3.5)

dr

Equation (3.5) can be represented by the equivalent circuit shown in Figure 3.12, while the
underlined term in (3.5) corresponds to the back-EMF w,,.:
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Figure 3.12: Equivalent circuit of an induction motor in stator coordinates.
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In order to calculate the mechanical angular velocity w, the mechanical equations (3.7) and
(3.8) have to be added.

Uiy =

T. =k | x i, | (3.7)
d
T (3.8)
dr

rotor winding A
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Figure 3.13: Current based machine model for evaluating the back-EMF and the angular velo-
city of the virtual machine.

The relationships between physical quantities gained from the previous equations are repre-
sented graphically in a block diagram in Figure 3.13. The stator current 2 leads to a rotor flux
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1), which, depending on the angular velocity w, results in a back-EMF u,;,.. Owing to (3.4b),
the current dynamics directly depend on the equivalent leakage inductance ol,, which is, in the
considered case, the inductance of the coupling inductor described in the previous section. Ac-
cording to equation (3.8), the angular velocity depends on a load torque 77, which is actually
an input quantity of the model. This offers the possibility of emulating arbitrary load conditions
for the IUT. As will be demonstrated experimentally in the next section, this approach is able to
represent the characteristics of a real machine.

3.4 Inverter cumulation implementation and virtual machine
experimental verification

Based on the theoretical analysis of the previous section, a detailed schematic overview of the

experimental rig built to test the proper operation of the virtual machine is shown in Figure
3.14.
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Figure 3.14: Overview of the components constituting the test bench of the VM.

It consists of five industrial standard 14kVA two-level VSIs switched sequentially and con-
nected in parallel using three coupling inductors like the one depicted in Figure 3.5. The rated
switching frequency of each inverter is fs = fpwym = 8kHz. The real-time algorithm of the
machine model is implemented on a Digital Signal Processor (DSP). The model parameters can
be set by means of a PC user interface (Figure 3.15). While the phase current measurements
are sampled by the DSP, the load torque of the VM model can directly be modified during tests
to emulate load steps. The back-EMF for each phase is available at a specific output pin of the
DSP as a PWM voltage signal which is then distributed to the various inverters by an FPGA.
The angular velocity, also computed by the DSP, is passed to a second FPGA emulating an
incremental encoder. The delivered signals comply with the incremental encoder interface’s
standards (see Figure 3.16). Finally, as can be seen in Figure 3.17, the IUT used for testing the
emulator is of the same type as the parallel connected inverters of the VM. It includes a field
oriented controller.

The parameters of the induction machine emulated by the VM during the tests are listed in
Table 3.1.
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¥ Modulator STATUS .

start
stop

Main inductance
Stator inductance
Rotor inductance
Stator resistance
Rotor resistance
Nominal voltage
Nominal current
Nominal frequency
Number of pole pairs
Damping coefficient
Moment of inertia

Hauptinduktivitat Lm [0.08149  H
Statorinduktivitat: Ls  [008418  H
Rotorinduktivitat: Lr  [0.08632 H
Staforwiderstand: Rs  [0.292 Ohm
Rotorwiderstand:  Rr [0282  Ohm

Nennspannung

Ed

Nennstrom:
Nennfrequenz

Polpaarzahi

Dampfungskoeffizient:

Tragheitsmoment.

Lastmoment: [0

Load torque

Nm [ send clear screen

Figure 3.15: PC user interface for parametri-
zing the VM.
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Figure 3.16: Signals delivered by the encoder
emulator.

Table 3.1: Parameters of The virtual machine

I, = 22A

R, = 232m(}

L, = 86.36mH

fo = 50Hz

U, = 380V
R, = 292m(}
L, = 84.18mH
Ly = 81.49mH
J = 0.01kgm?

p:

current
measurement input

PC transmission
interface
encoder emulation
output

real timé system active front

5 PWM gate signal
outputs

Figure 3.17: Experimental setup of the proposed motor emulator.
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Figure 3.18 shows the evolution of stator currents, back-EMF, rotor flux linkage and angular
velocity during a slow acceleration process from standstill to nominal speed under no load, when
the TUT is operated in speed control mode. The field oriented controller of the IUT enforces
speed and current, while keeping the amplitude of the rotor flux constant. As the actual speed
increases up to nominal speed, the back-EMF also rises and reaches its nominal value. Fig.
3.19 depicts the results of a speed step from standstill to rated speed. These results are entirely
consistent with the behaviour of a real asynchronous machine. As expected from acceleration
tests, the IUT delivers its nominal current only during the short acceleration phase and hence,
cannot be tested properly without load.
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Figure 3.18: Stator currents, back-EMF, rotor flux linkage and angular velocity when accelera-
ting from standstill to nominal speed.
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Figure 3.19: Reference and actual values of speed and ¢ current component resulting from a
speed step from standstill to rated speed at no load.
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The diagram in Figure 3.20 displays the evolution of angular velocity and ¢ current while
applying a load step with an amplitude equal to 75% of the rated load torque at nominal speed.
At time ¢ = 0.08s, the load torque step is emulated by the VM. The speed controller of the I[UT
reacts with a current ¢, to counteract the resistive torque and keep the speed constant. Therefore,
the possibility of emulating mechanical energy transfers with the VM enables to test the IUT
under realistic operating conditions.
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Figure 3.20: Load step of 75% rated torque at nominal speed.

Figure 3.21 shows the ability of the VM to operate not only at rated flux amplitude but also
in the flux weakening region. As expected, the current controller of the IUT keeps the d current
constant at its nominal values as long as the speed reference does not exceed its rated value.
However, when the speed reference is increased beyond this threshold, the rotor flux has to be
reduced to limit the back-EMF.
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Figure 3.21: Evolution of d current and angular speed at constant flux and in the flux weakening
region.
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Figure 3.22: Evolution of the stator current and the angular velocity during a speed reversal
from -120% to 120% of the nominal speed.

Figure 3.22 displays the evolution of the stator currents of the VM during a speed reversal
from -120% to 120% of the nominal speed. Again, the results are absolutly consistent with the
behaviour of a real motor.

3.5 Summary

The investigations carried out with the motor emulator presented in this chapter attest to the
possibility of a magnetically coupled inverter cumulation system. This method does not only
allow increasing the overall system modulation frequency but also leads to an appreciable re-
duction in overall losses since power electronics devices exhibit a soft switching behaviour
under these circumstances. Experimental results show that the performance of fiver inverters
cumulated in parallel in terms of power and dynamics are sufficient to realize an efficient power
hardware-in-the-loop emulator of induction motor.

A crucial feature of the Virtual Machine is its ability to be operated with an IUT working
with a field oriented controller. This has been made possible by using a model computing the
back-EMF as a result of the currents enforced by the IUT. Doing so, the electrical behaviour of
the VM is in perfect agreement with the one of a real machine. Furthermore, mechanical torque
steps can be reproduced, allowing the IUT to be tested under almost every possible operating
conditions.

Thanks to its simplicity and flexibility, the Virtual Machine provides an interesting alternative
to expensive HiLL emulators for testing power inverters. It is particularly suitable for Small and
Medium Enterprises manufacturing inverters and seeking for an affordable way of testing their
products.

As discussed at the beginning of this chapter, inverter cumulation is parallel, series and cas-
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cade interconnection of identical or different inverters, which can extend the system overall
performance. The success of the project virtual machine inspires us to explore deeper in the
field of inverter cumulation by going beyond the cumulation topology. The new idea and pro-
ject are going to be presented in the following chapter.
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CHAPTER 4

Introducting series magnetic-coupling of inverters
with different characteristics

As illustrated in chapter 2, for the most industrial applications, there is a certain suitable power
semiconductor which satisfies all the performance requirements. However, the situation is dif-
ferent when taking the power hardware-in-the-loop system into account. A specific example is
the power grid emulator which requires a high power rating and high dynamic response power
electronics system.

4.1 Power grid emulator

The increasing use of complex grid-connected technological components in safety-critical ap-
plications like public transportation or distributed power systems requires a precise evaluation
of the reliability and robustness of these equipment during their development. Direct on-field
tests of high power systems are generally not possible. A conventional method of getting around
this problem consists in using software-based simulation to analyse the behaviour of the elec-
tric equipment under test (EUT) under normal and transient operation conditions of the grid.
However, signal-level simulation is not able to perfectly reproduce every detail of a physical
phenomenon.

A grid emulator is a controllable AC power source which is capable of reproducing not only
the grid’s behaviour under normal operation conditions but also during transient operation. The-
refore, it emulates the power grid with the real power transfer, and thus reproduces the real phy-
sical environment for the equipment under test. It is believed to be a better solution for factory
inspection of the grid-connected industrial applications.

It is very important for a grid emulator to generate several typical fault behaviours to test the
reliability and robustness of the EUT. These faults include under-voltage, voltage interruption,
frequency variations, unbalance voltage, voltage harmonics, spikes and noise. In Figure 4.4-4.6
several simulation results are shown.
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The four different types of grid emulators used in past are amplifier-based, transformer-based,
generator-based and thyristor-controlled-reactor-based(TCR) [27]. The first grid emulator am-
plifies the desired signals generated by a waveform generator to the required power level. It
can emulate all the typical grid faults, but due to the high amplifier cost it is very expensive.
The transformer-based grid emulator can only generate voltage waves with different amplitu-
des, therefore it is not able to emulate frequency variation and harmonic superimposition [28].
The working principle of the third type of emulators is clear and self-explained. By controlling
the working condition of the generator, different amplitudes of the output voltage waves are
produced. However, by taking the cost, weight and size of the generator into account, it is not
an efficient solution [29]. The TCR is able to change its branch impedance by controlling the
firing angles of the thyristors. Due to this variation of impedance, the load voltage can be chan-
ged [30]. But this produces losses on the impedance, and the control algorithm of the thyristor
is strongly dependent on the whole system parameters.
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Figure 4.7: Basic schematic of a power converter based grid emulator system.

Due to the fast development of power electronics systems during last several decades, the
voltage source inverters (VSI) based system is becoming a very competitive realization method
of the grid emulator. The principle diagram of the whole system is shown in Figure 4.7. It inclu-
des VSIs (switching-mode power electronic amplifier), a real-time control system and analog-
signal (voltage and current) sensors. A mathematical model of the power grid is implemented
inside the real-time controller, and the switching-mode power electronic amplifier is modulated
according to this model to generate desired voltage signals.

4.1.1 Challenges of voltage source inverter system based grid emulator

Firstly, the most important requirement of a power grid emulator is to be capable of supplying
sufficient power to the grid-connected equipment. It naturally depends on the power rating of
the applications, but should be as large as possible. Therefore a higher power power electronics
device is necessary.
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Secondly, the output voltages of a voltage source inverter are pulses with finite potentials
under the PWM modulation method. It only ensures that the average voltage per switching
interval equals the user defined reference value. For that reason, a shorter switching interval
always results in a better quality of the output voltage. However, a shorter switching interval
means a faster switching frequency, and the switching frequency is normally set to several
ten times higher than the fundamental frequency. If the grid emulator only controls the S0Hz
component, the switching frequency of the VSIs system is around several kHz. In this case, it
is not a big problem for the modern power electronics devices and processor-based real-time
controller. However, for the high order harmonics emulation (Figure 4.6), if one still wants to
keep the same ratio of f;/f1, then the switching frequency increases easily more than S0kHz. It
becomes critical for the switching components to survive with the desired high power ratings.

Taking both aspects mentioned above into account, the high power and high dynamics re-
sponse are the two simultaneous desired characteristics of the grid emulator. As illustrated in
Chapter 2, power and dynamics are two mutual exclusive characteristics for the power semi-
conductor device manufacturing. However, as shown in Figure 2.3, there is always a solution
of either high power or high switching device. For example, the IGBT and MOSFET devices
are respectively used in these two different occasions. Due to the physical limitations of the
semiconductor, high power and high switching devices are technically difficult or impossible
to produce as the result of this bottleneck. Therefore, it is really challenging to construct such
a system with both of these characteristics by using any one of the current market-available
devices.
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Figure 4.8: Fundamental and harmonic components separation.

Before searching for a solution to this problem, it is better to examine the requirements of
the grid emulator in detail. The most critical point is the high order harmonics emulation. The
emulator is supposed to control not only the SOHz fundamental high power signal but also the
harmonics whose frequencies are several ten times higher than the fundamental frequency. By
separating the harmonic component from the fundamental wave, Figure 4.6 can be re-plotted as
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Figure 4.8. As can be seen from the result, the high order harmonic emulation is composed of
the high power fundamental 50Hz component and high frequency low amplitude signal.

Based on the analysis above and the different strengths of IGBT and MOSFET power swit-
ching devices, an idea is developed naturally. The emulation of the high power fundamental
behavior can easily be realized by using a commercial high power inverter with low switching
frequency semiconductors (e.g. IGBT). On the other hand, a low power inverter (e.g. MOSFET)
showing high dynamics generates high order harmonics behavior .

4.2 Original idea of series magnetic-coupling of inverters
with different characteristics

The original idea comes from the applications of a dynamic voltage restorer (DVR) [31-33], the
purpose of which is to protect sensitive loads from the effects of grid voltage disturbance, and
a series active filter (AF) [34], used to compensate the voltage harmonics distortion generated
by the non-linear load. The principle topologies of both are quite similar, which is shown in
Figure 4.9. An auxiliary converter based power convention system which is magnetically-series
connected in between the power grid and the load is modulated to inject desired voltages into
the grid and the load.

Z.SUPPIY Vinject iload
. e + - e
Power Grid —————— Load

Usupply . Vload

Auxiliary |
Supply T ‘|

Converter System

Figure 4.9: Principle topology of the dynamic voltage restorer (DVR) and series active filter.

By using the coupling inductor, the converter-generated voltages are superimposed on the
grid fundamental waves. It naturally inspires a solution to our problem illustrated in Section
4.1.1. As mentioned above, realizing a hardware emulation system with a single type of stan-
dard power electronic device is particularly challenging. However, on the one hand, high power
inverters with a low switching frequency are common products (e.g. IGBT) on the market, and,
on the other hand, low power inverters with high dynamic behavior could also be easily con-
structed with standard market-available power electronic devices (e.g. MOSFET). Moreover,
the desired emulation fault waves (voltage and current) of utility grid spikes and noises can be
split into two categories:
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Figure 4.10: Original topology schematic of series magnetic-coupling inverters.

1. high power but low frequency fundamental component.

2. low amplitude but high order harmonic component.

Therefore, by using two cumulated inverters with complete different characteristics (shown
in Table 4.1) to generate the above mentioned two waves respectively, and superimposing them
together afterwards via a magnetic coupling inductor, a good solution for a high power and high
dynamic response amplifier of a PHiLL application is reached. Figure 4.10 shows the original
topology schematic of the concept of series magnetic-coupling inverters.

Table 4.1: Electrical Specifications of The Inverter Cumulation System

IGBT Inverter 1 || MOSFET Inverter 2
Uil V] 580 50
fs[kHz] 8 50
f1[Hz] 50 1250
Vohmax[V] 110 25

Since the power amplifier of the PHiLL emulates the behavior of a utility grid, a high-quality
sinusoidal output of the system is required. However, the most common used PWM modulated
switch-mode converter suffers from massive switching component distortion at its output ter-
minal (as shown in figure 2.7). Therefore, in order to eliminate this problem, an output filter
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for the PWM inverter is very important for the final realization of the grid emulator. The output
filter of the inverter will be discussed in detail in the later section of this chapter. As shown in
the figure below, the first attempt of a grid emulator is implemented. Before moving forward,
the next section will show the problems of this topology.

IGBT Inverter 1

Coupling
‘| 3x  Inductor(3x) 3x Output
— Filter
[ ]
3x
3x
Auxiliary | J J} EUT
Supply T r_—i,_[

MOSFET Inverter 2

Figure 4.11: First attempt of the grid emulator.

4.3 Failure of the first attempt series inverter cumulation sy-
stem and modified topology

If one compares the topology shown by Figure 4.11 with traditional applications like a dynamic
voltage restorer (Figure 4.9), it is obvious that they are quite similar, except that an IGBT
inverter replaces the power grid in the first case. The idea is clear and straightforward. The
IGBT inverter is used to emulate the fundamental behavior of a utility grid.

Ideal Transformer
1:1

SiGBT SMOSFET
o H

Load & Filter

Figure 4.12: Single phase equivalent circuit of the inverter cumulation system.

A simplified single phase equivalent circuit is shown Figure 4.12. The coupling inductor
is represented as an ideal 1:1 transformer with a magnetic inductance L,, in parallel. All the
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other stray inductance and winding resistance are neglected for a simplified analysis. The IGBT
and MOSFET inverters are represented by two pulse voltage sources. The functionality of the
MOSFET inverter is easy to observe. The coupling inductor is able to transfer the high order
harmonic waves from the secondary to the primary winding where the magnetic inductance L,
cannot be neglected. Because of the superposition principle, the voltage of the load and filter is
the combined effect of both voltage sources Siggr and voltage across the magnetic inductance
(%

m*

Ideal Transformer Ideal Transformer

SMOSFET SiaBT

1:1 1:1
SieBT H SMOSFET

Load & Filter

Figure 4.14: Switching component model of

Figure 4.13: Fundamental component model the equivalent circuit.

of the equivalent circuit.

However, due to the smaller voltage and power ratings of the MOSFET inverter, it becomes
very critical to ensure that it works without any danger (over-voltage risk) from the IGBT inver-
ter in any operation mode. Because there are various frequency components in the circuit, it is
better to discuss them respectively. As discussed before, the output waves of the voltage source
inverter are PWM pulses which are composed of fundamental wave and switching-frequency
range components. For the fundamental frequency wave, the frequency w is only 50Hz, the
impedance of wL,, is negligible compared with the load and viewed as short-circuit (shown as
in Figure 4.13). Therefore, the fundamental wave of the IGBT inverter has no interference to
the MOSFET inverter.
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Figure 4.15: The MOSFET inverter acts like a rectifier.

But when it comes to the switching-frequency components, the situation becomes totally dif-
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ferent. The impedance of wg,, L, increases dramatically to a huge value, and the load becomes
negligible in this case. Therefore the circuit topology is changed to the form shown in Figure
4.14. Unfortunately, the ideal transformer reflects this high voltage and frequency components
to the MOSFET inverter side. This is very hazardous for the inverter with a lower voltage ra-
ting! If the line to line voltage is bigger than the DC-link voltage, the inverter acts as a diode
rectifier even if all the switches are disabled, and the DC-link will be quickly charged up beyond
the voltage rating of the power stage (Figure 4.15). This effect results in a serious failure of the
additional power source of the MOSFET inverter and the functionality of whole grid emulator.
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Figure 4.16: Secondary terminal voltages of the coupling inductor.

At the initial phase of this project, several experiments were carried out based on this first
version topology because of carelessness of this issue, and the power supply of the MOSFET
inverter was seriously damaged. The following simulation and experimental results verify the
theoretical analysis above. The IGBT inverter is controlled to generate 100V sinusoidal phase
voltage. The voltage waves v.,, vl,. measured at the secondary winding terminals of the cou-
pling inductor are shown in Figure 4.16. The experimental and simulation results showed good
agreements. Due to the limited measure range of the voltage probe, the signal information
beyond 100V is missing. However, it is still clear that the coupling inductor transfers all the
high frequency and voltage components to the secondary sides, and it actually acts as a low-pass
L-filter in front of the EUT and filters. It is clear to see that there is a low frequency envelope
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which is the compensation of the fundamental signals passed to the downstream circuit. Figure
4.17 explains this phenomena graphically.

Inverter output voltage Coupling inductor terminal voltage EUT terminal voltage

MMWM:MWWMWW+\/\

Figure 4.17: Voltage signals split.

All the analysis above reveals a truth: the coupling inductor reproduces the high voltage
high frequency components of the IGBT high power inverter at the terminals of the low voltage
MOSFET inverter, and due to this interference the MOSFET inverter acts as a diode rectifier
which charges up the DC-link quickly beyond the withstand value. Therefore, the switching-
frequency range components of the inverter output voltage will cause serious problems. This is
the key difference between the DVR or AF applications and our proposed grid emulator.

After understanding the reasons for the first failure, the solution of this problem is easy to
find out. It is very important to attenuate all the high frequency components before supplying to
the coupling inductor. Therefore, output filters should be added in front of the coupling inductor
instead of after it. The modified grid emulator topology is shown in Figure 4.18.

IGBT Inverter 1

Coupling
_| 3x Output 3x Inductor(3x) 3x
Filter 1 — EUT

3x ;
Output

Filter 2

Auxiliary | —*1 3%
Supply T J’:‘_[
MOSFET Inverter 2

Figure 4.18: Topology of the series magnetic cumulation of inverters with different character-
sitics.

Two low-pass filters are used to attenuate the switching-components of both inverters. In
this case, the coupling inductor is mainly used to couple the fundamental components of the
two inverters. Because the fundamental frequency of the MOSFET inverter is several ten times
higher than 50Hz, it is better to use the frequency difference to design the coupling inductor
which is more sensitive or functional to the frequency components of the MOSFET inverter. In
other words, the coupling inductor should be more efficient to transfer the MOSFET inverter
frequency components to the IGBT inverter side. On the contrary, the 50Hz components of the
IGBT inverter should interfere with the MOSFET side as less as possible. In order to avoid
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the previous damage of the MOSFET inverter DC-link, the same simulation and experiment
were done, and the result is shown in Figure 4.19. As can be seen, the S0Hz component has
a very low amplitude (around 1V), and is caused by the winding resistance and the magnetic
resistance of the coupling inductor. And the high frequency component is attenuated to a small
amplitude after the output filters. By doing these, the MOSFET inverter should be safe during
the operation. But this is still not the full story for the protection of it, because only steady states
are considered so far.
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Figure 4.19: Secondary terminal voltages of the coupling inductor (modified topology.)

The start-up, fault trip and fast transient of the IGBT inverter with high di/dt will be ampli-
fied by the coupling inductor L,,, and a secondary voltage with high dv/dt which results in a
severe working condition for the MOSFET inverter. Moreover, ideally, with respect to the IGBT
inverter, the coupling inductor operates as a current transformer. The primary side is in series
with the output terminal, therefore under load condition, an uninterrupted current continuously
magnetizes the core of the coupling inductor. The secondary side must maintain a continuous
current path to balance the primary magneto motive force (MMF), otherwise an open-circuit
secondary winding generates substantial voltage.

As shown in Figure 4.20, the protection approaches are explained as following:

* Fast diode prevents the reverse current to the DC source. Power zener diode buffers the
DC-link voltage of MOSFET inverter.
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IGBT Inverter 1

MOSFET Inverter 2

Fast Diode Varistors

S
Auxiliary . % L J’_’q
Supply A2 DO o
Switches
Power Zener

Diode | | |

8

Output
Filter 2

EUT

Figure 4.20: Protection circuits of the MOSFET inverter.

* Varistors clamp the transient over voltage of the coupling inductor.

* During the start or stop transient of the IGBT inverter, switches by-pass the coupling
inductor.

* In order to maintain a continuous current path, the MOSFET inverter is always switched
to the NULL state during standby.

4.4 Output filter of the voltage source inverter

Based on the previous discussion, it is very important to attenuate the high frequency compo-
nents in the output voltage of a PWM inverter by using an output filter. This section investigates
the output filter topologies, design approaches and operation stability in detail. The passive har-
monic output filter is widely used in the grid connected inverters to reduce voltage harmonics
and current distortions. The output voltage and current waves of a PWM modulated inverter
have various kinds of harmonics:

* Low frequency harmonics,
* Switching frequency harmonics,
* High frequency harmonics.

Each category harmonic must be sufficiently and appropriately attenuated [35]. The propo-
sed grid emulator is supposed to behave as a sinusoidal AC controllable voltage source. The
harmonics generated by the PWM inverter have to be attenuated exactly like the grid-connected
converter. Therefore, the passive output filter used as the interface of distributed generation
application will be adopted also for this grid emulator project. There are three main filter topo-
logies: L, LC and LCL filter which are shown in Figure 4.21
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L L
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Figure 4.21: Three main existing harmonic filter topologies.

The first order L-filter attenuates the input wave with a slope of -20dB/decade over the whole
frequency range. It is the simplest current filter topology of a grid connected voltage source
inverter. Because of the moderate attenuation capability of the first order L-filter, the switching
frequency of the overall system should be very high, in order to achieve a satisfactory harmonic
rejection. However, if taking the complexity of the control algorithm and dynamic response
into account, an L-filter is still a good solution as a current harmonic filter for the distributed
energy generation applications like wind and solar power converter systems.

An LC second order filter exhibits a better -40dB/decade attenuation compared to the L-filter.
A shunt capacitor is added at the output terminals, the capacitor voltage is the output voltage of
the filter system. Therefore an LC-filter is widely used in the UPS applications which require
output voltage control and harmonics rejection since the shunt capacitor and the series inductor
have a resonant effect. The resonant frequency is calculated by

1 (4.1)

wres - LO .
The value of inductance and capacitance must be well designed to achieve a good attenuation
of switching frequency components, and meanwhile avoid the instability of the system due to
the resonance of a two order system. Furthermore, the shunt capacitor consumes more reactive
power compared to the L-filter. Due to the close relevance of proposed grid emulator, the
modelling and design procedures will be discussed later.

An LCL filter give the best performance for switching harmonics attenuation in three topo-
logies. The current distortion and reactive power is low. Due to the -60dB/decade attenuation
slope, lower switching frequency and less energy stored can be achieved. The resonating fre-



CHAPTER 4. INTRODUCTING SERIES MAGNETIC-COUPLING OF INVERTERS WITH
48 DIFFERENT CHARACTERISTICS

quency of an LCL-filter is expressed by

Ly + Ly
L L,C

Wres = 4.2)
However, on the other hand, a relative lower dynamic response and more complex control al-
gorithm are naturally the side effects in addition to the higher cost and more complicated para-

meters design. It is difficult or impossible for a grid-connect application to comply with IEEE
standard 519 without an LCL-filter.

4.4.1 LC-filter

Modelling
iinv iload
‘/;nv VLf —>' o
u ’chl
_— Y Load
v
L
w L 7
C;—= = = Vg

Figure 4.22: LC output filter of a three phase voltage source inverter.

The circuit of a three-phase voltage source inverter with an LC output filter is shown in Figure
4.22. The LC filter can be described by the following equations:

dVe
’I,Cf = Cf di ! y (43)
diinv
Vi, =1L 4.4
VLf = an - ch, (45)
in - iinv - iload- (46)

where Vi, = Vi, Viw, Viw), (K € {Ly, Cp, inv}); 35 = [iju, iju, tjuw)s (J € {inv, Cy, load}).
For the controller design, the system is better described by the state space equations as follo-
wing:

{ * = Ax + Bu
“4.7)

y =Cx+ Du
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1 1
(— 0 ——

andA=| (’;f B=|, gjf .C=[1 0.D=10 o]
Ly Ly

The transfer function GVm—ch of the LC circuit without load can be expressed as follows:

ch (8) 1
T Vo) PLC AT 49

Design
The design approach of the LC-filter basically follows procedures according to [36].

* In order to damp the switching ripple to only 1% which is -40dB, the cut-off frequency is
set to the tenth of the fundamental frequency.

* On the other hand, the resonance frequency should be kept as far as possible from the
fundamental frequency and low order harmonic components, thus avoiding the resonance
problem.

Table 4.2: Parameter of the LC filters
Parameter | IGBT Inverter 1 || MOSFET Inverter 2

L; [mH] 3.2 0.3
Cf [/JF] 30 4.5
Wres [kH z] 0.51 4.33
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4.5 Final topology of the series magnetic inverter cumulation
system

The previous section discussed the typical standard output low pass filter of a power electronic
converter system. It brings insight into the technical solutions of the switching components
attenuation. With this knowledge, the final topology of the inverter cuamulation system based on
Figure 4.18 can be completed.

IGBT Inverter 1 Series Inverter Cumulation System
554)(1} 5514(1} Siqg} LC-filter 1
o —
del —— I

sty %Kﬁ szqﬁ =T __%
— comivs I |

o JE} sk E} Sfj%} :E

2 2 2 'J
528 .'i} Sia = Sﬂ:‘} LC-filter 2

MOSFET Inverter 2

Ud(:Z —

Figure 4.23: Final topology of the series inverter cumulation system.

The LC filter shows a good capability of the output capacitor voltage control, therefore as
a programmable AC source emulator, the series-magnetic inverters cumulations system adopts
the LC filter as an output filter topology. The final topology is shown in Figure 4.23. The
auxiliary circuits like the protection circuit of the MOSFET inverter etc. are not shown in
this figure. It is easy to find that the two inverters have different electrical characteristics but the
same circuit topology — VSI with LC output filter which is exactly same with the uninterrupted
power supply (UPS). As a result, the control algorithm of both inverters could be identical and
referred to the UPS output voltage control. However, due to the different switching frequencies
of the two inverters, the controllers are implemented on a CPU and an FPGA respectively. As
illustrated previously, the MOSFET inverter is supposed to be switched over 50kHz, which
is not possible with a normal processor-based controller. This will be discussed in the later
chapter.

In this chapter, the original topology is shown. Secondly, the reason behind the damage of
the MOSFET inverter is explained. Then the solution for this problem is found and the final
topology is derived at the end.
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CHAPTER 5

Control strategy of a voltage source inverter with
LC output filter

As discussed in the previous chapter, the basic component of the series coupling inverter cu-
mulation system is the voltage source inverter with the LC output filter which is widely used
in many industrial applications e.g. UPS and DVR. The system actually has two UPS systems
with totally different working conditions. However, for the control strategy design, the same
method can be adopted to both systems. This chapter will discuss various voltage control stra-
tegies of VSI with LC filter. The cascade multi-loop control in synchronous rotating frame will
be presented firstly. Later on, the better performed multi-loop controller in stationary frame
is introduced. Besides, due to the light damping of the LC filter itself, the passive and active
damping methods are implemented. Last but not least, owing to its superiority (instinct stabi-
lity, systematic optimization etc.), a linear quadratic controller for the proposed grid emulator
is introduced.

5.1 Synchronous rotating frame (SRF) voltage control of the
VSI with LC filter

At the initial phase of the controller design, for simplicity, the three-phase system variables are
transformed from the stationary abc coordinate to the synchronous dq frame. By doing this
transformation, all the ac quantities are converted into DC components on the d and ¢ axis,
therefore the conventional PI controllers are capable of tracking the reference signals with zero
steady state error. The original idea was introduced in [37] and [38].

By applying the Clarke and Park transformation operators (Equation 2.10 and 2.15) to the
state space equation 4.7 of the LC filter, the mathematical model in synchronous frame is deri-
ved as follows:

T,T.x = AT, T.x+ BT, T u. (5.1)
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. _VCf an

with = Zlnv] U= [iload] Y= VCf

r 1 1

0 & 0 &

andA=| | J|,B=] I1,c=[1 o],D=1[0 0.

—— 0 — 0

I, L;

The equations of the capacitor voltage Vi, and inverter current i, in dq frame are expressed
as follows

i Vqu _ 0 —w ng i 1 ignv - ilqoad (5 2)
dt VCdf w 0 VCC'lf s Z;inv - 2.ldoad .

d Z.fi]mi_ _O —U.)_ _ignv 1 ‘/z?w - Vqu 53
a Z;lnv C|w 0 Zglm; L_f V;gw - VC’df ( . )

It is quite obvious that state variables have the cross-coupling due to the matrix shown in Equa-

tion 5.4.
0 —w
w 0 5.4)

Where w is the fundamental angular frequency of the output capacitor voltage.
Based on the aforementioned analysis, the block diagram of the LC plant is shown in Figure
5.1

-q
Zload

Figure 5.1: Blok diagram of the LC filter plant.

The SRF multi-loop controller has an outer capacitor voltage V¢, feedback loop, the inner
feedback loop is an inductor current 7;,,. In the following subsection, this conventional strategy
will be discussed in detail. All the controllers are designed to have decoupling between the dg
axes, good reference tracking ability, system overall stability and load disturbance rejection.
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5.1.1 Minor-loop inductor current feedback

The inductor currents are sensed and fed back to the controller as the inner current control loop.
The control system is decoupled by the items of wCy Ve , —wC Ve, wLyif,, and —wLyif,,.

The load currents are also sensed and fed back to the controller to achieve the load disturbance
rejection. The block diagram of the controller and plant is shown in Figure 5.2.

-q .
chf Yoad Z(z']nv
Vq* _‘é > k., + ki 0 Té N ki
C - :
f — il . v | Inverter
= inv _ inv
> wcf (ULf &
- _ LC filter
1w " wly Physical
v, o I N 1 —\ Vi | Circuit
) @by S eyt
d . ‘d
Vof Z?oad binv

Figure 5.2: LC filter multi-loop controller with inner inductor current feedback.

All cross-coupling terms are assumed to be decoupled in the final control system [39]. There-
fore, the system can be decoupled into two total independent subsystems with identical transfer
function. In the following analysis, it is sufficient to investigate only the characteristics of the
system on g-axis, and the situation of the d-axis follows the same way vice versa. The decoupled
close-loop block diagram of the controller and plant is shown in Figure 5.3.

Physical System @‘?oa P

iq
Yload

*
q q
‘/inv V;

inv § —

> kpv + _Is'
q
Ve,

Figure 5.3: Decoupled closed loop block diagram of the LC filter with cascade PI controller
(only on q aixs).

The inverter dead-time, analogue signals sensing and controller calculation delay can be ap-
proximated by a first-order inertia element:

el ~ ~ 1 (5.5)
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As mentioned in [6], the delay time constant is in the range (1.5)/2f to 1/ f,. Here one chooses
the worst case of the 1/f,. It is good to analyse the inner current loop first. As the switching
frequency of the inverter system is high, the time constant of the delay element 7 is very small.
Therefore, for the simplicity of controller design, it is reasonable to view the inverter system as
a unit element.

q i

:q q*
Zinv Kis ‘/;nv - 1 ‘/inv 1 Zinv
4’?_' kpi + 75 " sLy J71T

(a) Inner inductor current control loop.

q* F; ‘ F;
1 74 .q* .q
mnuv . .. 1
skgzk“ v va—’ shyitkii Zi@v
- ! 82 Ly+skpi+kii
(b) Open loop transfer function of the (c) Closed loop transfer function of the
current loop current loop

Figure 5.4: Block diagrm of the current controller.

The minor current loop block diagram is shown in Figure 5.4. The plant transfer function is
a single integrating element % a simple proportional controller can achieve zero steady state
error for a step reference. An integrator has actually negligible effect when the current loop
gain is big enough, and it will cause oscillations when the damping ratio of the closed loop is
too small.

sk + ki
Fip= —— 5.6
S2Lf ( )

skpi + ki
Fie = —— 5.7
SQLf + Sk’pi + k’u ( )

The steady state error of the controller is calculated by:
Algnv = Z;In*v - EOAignv (5.8)

i

A, = —"— (5.9)

inv:l—i—ﬂo

The steady state response of a step input reference is:

Al LS E . :
}91—%1+Eo'8_1%1+ﬂo_£%1+Fio_0:£%Fio_mf (5.10)

As mentioned before, the control plant has an integrating component S%f, if only a proportional
controller is used, the open loop transfer function is:
ky 1 1

F, _ vz 5.11
Ly s sT, ( )
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with T, = ,ff . It satisfies the Equation 5.10 in any case. The closed loop transfer function is a
i

first order lag element whose response time can be adjusted by the controller gain to as fast as
desired.

F, 1
1+ F, 1+sT,
As arule of thumb, the setting time .., = 37, therefore the proportional gain of the controller
can be calculated by:

Fi. = (5.12)

Ly
ki = 5.13
v 3tset ( )
The first order lag element is always stable, the only pole —Tio is on the left side of the imaginary

axis of s-plane. And the step input response has no over-shoot and can be as fast as required. It
is a good choice to use only a P controller instead of a PI controller. But it is a very ideal case
that to model the plant by only an integrating component.

Moreover, it is also important to achieve zero steady state error for a ramp reference tracking,
if the system is desired to emulate typical grid short circuit fault and recovery. The steady state
response of a ramp input reference is:

q Lk
; . 2
Y. g = lim 5

£%1+Fio' H01+FZ—O:££%3+SEO

=0 = limsFj, = inf (5.14)
s—0

Therefore, a PI-controller is viewed as a necessary solution for the system. Looking closely at
the close-loop transfer function of the system with the PI-controller (shown in Equation 5.7, it
is a second order system with an additional zero. It can be rewritten into the standard form as:

wi(s + 2)

F,. = 5.15
2(8% + 28w, s + w?) (5.13)
; — ki — Epi — ki _ wn it
with w,, = I &= 2\/+—Lf, z= g =5 It can be split into two parts as presented by the
following equation:
2 2
F.= “n +2 “n (5.16)

$2 4 26wns + w2 28% + 2wys + w?

The dominate effect of the transfer function is a standard second order system. It is well known
that there is an optimal value for the damping ratio:

¢ — % ~ 0.707 (5.17)

The system time constant 7" is defined by:

1 1
T=——=——- 5.18
2&")” \/§Wn ( )
The settling time t,.; of a step input is calculated by the rule of thumb equation as:
3
tset(D%) = 4.14T ~ — (5.19)

Wn
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Based on Equation 5.19, one can start to design the parameters of the PI-controller.

ki 3 oL,
= ki, = =L 5.20
¢ Ly~ fe Lot 20
Kpi
iilog

Amplitude

0.2 0.3 0.4 0.5 0.6
Time (ms)

(a) Different responses by changing the damping ratio £. (k;; =

3 x 10°)

Amplitude

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (ms)

(b) Different responses by changing the integrating gain k;;. (£ =
2)

Figure 5.5: Step response of the inner current loop (Ly = 3mH).

Based on the analysis in the text book, the additional zero will cause more oscillations. The-
refore, the final overall system response would not be as optimal as the standard second order
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system if we set the damping ratio to £ = 0.707. As the consequence of the additional zero,
the open loop frequency response and the step input response are investigated to find the new
optimal damping ratio.

Initially, the requirements of the dynamic are set as following: the settling time t,.; = 0.3ms,
the maximal overshoot 0% = 5%. According to the Equation 5.20, one can get the value of
integrator gain as following:

_9Lf _9*3*10_3
S t2,  9x10°8

S

ki = 3x%10° (5.22)

However, as shown by Figure 5.5(a), the response overshoot o is more than 20%. This is the side
effect of the additional zero of the system. Therefore, in order to satisfy the required overshoot,
new optimal value of ¢ has to be found. Based on

&

% —e VI (5.23)

it is clear that, the overshoot decreases with the increasing damping ratio £. According to Figure
5.5(a), when one increases the £ = 2, the system 0% is below 5%. Thus the new optimal value
of the damping ratio is set to 2.

Figure 5.5(b) shows that the system settling time is determined only by the integrating gain
ki;, when £ is fixed. The settling time ¢, is decreased by increasing k;;. The dynamic behaviour
stays almost the same between different curves. When one gets the value of the k;; and &, the
ki can be simply calculated by:

kpi = 26/ ki Ly = 2% 2 x 30 = 120. (5.24)
The optimal transfer function of the inner current loop can be expressed by the following:

120s + 3 * 10°

Fi =
0.003s% 4+ 120s + 3 % 10°

(5.25)

5.1.2 Major-loop capacitor voltage feedback

After tuning the inner current controller, the transfer function of the inner loop is derived in
Equation 5.25. Neglecting the time delay, the inner current loop can be viewed as a unit block.
By doing this, the voltage loop controller can be analysed by the new derived block diagram
shown in Figure 5.6. However, it requires that the dynamics of the outer voltage controller to
be much slower than the inner current controller. In other words, the settling time of the current
controller should be much faster than the voltage loop. For the proposed design, the settling
time of the voltage controller is 3ms which is 10 times longer.

By observing the voltage and current control loops, they have the same structure. The only
difference is the parameter of the physical system. Based on the LC filter parameters in Table
4.2, the filter capacitor is 30uF'.

Firstly, we assume the disturbance i, is zero, then the transfer function V¢ (s)/V{, (s) is:

S k:pv + kiv

Fvc -
S2Cf + Sk:p/v + k?w

(5.26)
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Figure 5.6: Voltage controller block diagram (only in q aixs).

Based on the same tuning process with the current control loop, the &, and k,,; will be calculated
by the following equations. The settling time is extended as t,.; = 3ms, but the damping ratio

is kept same as £ = 2.
9C;  9%30%107°

kiv = =30 5.27
2, 9%10° (5-27)
kpy = 2§\/ka’f =2%x2%x0.03=0.12 (5.28)
* FrL
Ve, i
kiv vnv Skpl-f—k“ 1 . q
— kipo + 75 2L +skpit ki sCy VCf

q
Ve ¥

Figure 5.7: Voltage controller and inner current loop block diagram under no disturbance situ-
ation (only in q aixs).

Now we replace the inner current loop unit block with its derived closed loop transfer function
shown in Equation 5.25, the final block diagram of the whole system is shown in Figure 5.7
(disturbance is still neglected). The final open and closed loop transfer functions are calculated
as the following:

F = Skavkpi + S(kpvkii + kpikiv) + kwkzz
? S4Cfo + S3Cfl€pi + SQCfICZ'Z'
SQkpvk?pi + S(kpvk'ii + kpikiv) + ]{?wk“

F.= 5.30
84Cfo -+ S3Cf]€pi + SQ(Cf]CZ'Z' + kpvkm') + S(/{Jpvkii + ]{Zpikw) + kivki; ( )

with Cy = 30pF, ky, = 0.12, ki, = 30, kp = 120, ki = 3 % 103, they can be reformed as:

(5.29)

14.45% + 3.96 * 10%s + 9 * 10°

o — 5.31
9% 107854+ 3.6 %« 10353 + 952 ( )
o 14.45% + 3.96 x 10%*s + 9 % 10° (5.32)
© 9% 107854 + 3.6 % 107383 + 23.452 + 3.96 % 10%s + 9 * 106 ’

Based on the obtained final transfer function, the overall system characteristics have to be chec-
ked. The step response is shown in Figure 5.8(a). As shown in figure 5.8(a), the step response
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(a) Step response of voltage controller.
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(b) Bode plot of voltage controller.

Figure 5.8: Performance of voltage controller.

of the system described by equation 5.32 has an overshoot c% = 4.5, and the settling time
(3%) is around the 3ms. According to its bode plot, the controller has a cut-off frequency
w, = 4200rad/s and phase margin pp); = 82° which is very close to its max value 82.6°.
Therefore the controller design fulfills all the requirements, and has an optimal performance.

5.1.3 Load current rejection

The load current is the disturbance of the system, and it is assumed to be 0’ for the previous
analysis. A good control system of the grid emulator should also have a good load rejection
capability. In this subsection, the effect of the load current is discussed first and then the com-
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pensation method is presented.
Firstly, let us assume that there is no feed forward compensation of the load current. The
block diagram is shown in Figure 5.9. The closed-loop transfer function is:

-q
Yoad

.q* .q Z"I
0 Yinv Yiny — Cy

(_1 q
— Fpy + £ Fc(s) ST ve,
Ve,

Figure 5.9: System block diagram when the disturbence is only input.

AV (s —W.
-qu( L o) (5.33)
Aijoaq(s) 1+ Wi(s)Wa(s)
where "
Wils) = (ko + =) - Fels), (5.34)
1
W- = —. 5.35
2(8) SCf ( )
The steady state error of a step input Ail (s) = % is calculated as following:
ey = lm AL 5. ——12(8) 0 (5.36)

s—0 vy . 1+ W1<8)W2<S) B

However, as explained before, it is important to consider a ramp input A}l .(s) = S%, the steady

state error is:
— W2 (S) k

L W(s)a(s) 30
In order to eliminate this problem, a more sophisticated compensation method should be used
if a zero steady state error is strictly required for both step and ramp load disturbances.

(5.37)

. q
€ee = lim AL - s
58 g0 W

-q
~1 Yoad

0

Ve,

Figure 5.10: System block diagram with disturbence compensation.

q
VCf

From Figure 5.10 one can derive following equation:

Ve, (s)  Wa(s)[W(s) Fre(s) — 1]

i?oad(s) 1+ W2<S)W1(S)

=0 (5.38)
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thus
I 0.003s% + 120s + 3 * 10°

Fie(s) 120s + 3 % 105

By adopting the load current feed-forward compensator described by Equation 5.39, the stead
state error is eliminated. However, because the order of the compensator numerator is higher
than that of the denominator, this causes problems for the implementation in the digital con-
troller. But the transfer function can be approximated as a unit block which gives a satisfactory
result. In the following, let us assume there is unit feed forward compensation of the load
current. This is the case of Figure 5.3. The new closed-loop transfer function is:

W(s)Fi.(s) =1= W(s) = (5.39)

VE,(8) _ Wals)(Fie(s) — 1)

: = . (5.40)
Z?oad(s) 1+ Wl(s)WQ(S)
The new steady state error of a ramp input Aif (s) = % is calculated as following:
k Fie(s)-1-1
e, = lim & . W2(8)(Fe(s) ) _ ¢ (5.41)

s—0 8 1 —+ W1(5>W2<8)

The steady state error in this case is zero, and this fulfills the control requirement of the proposed
grid emulator.

In this section, two cascaded PI controllers, and the load feed-forward compensator are de-
signed based on the system dynamic characteristics and frequency response. Zero steady state
error is achieved for both input reference tracking and load rejection. The parameters of the PI
controllers and compensator are optimized according to the settling time and over-shoot of the
input step response.

5.2 Stationary frame voltage control of the VIS with LC filter

Due to the infinite DC gain of the conventional PI controller in synchronous rotation frame,
the steady state error can be forced to 0. Moreover, a well tuned PI controller has satisfied the
dynamic performance for the voltage control of the proposed grid emulator. However, because
of the complicated frame transformation, the necessity of the decoupling network, and the sen-
sitiveness of the frequency variation, the PI controller in dg frame is not convenient. Recently,
stationary frame controller (current and voltage regulation) has gotten more attention [40-42]
due to its advantages compared to the conventional synchronous PI controller.

5.2.1 Proportional resonant controller in general

Theoretically the synchronous PI-controller can be equivalently transformed to stationary
frame. The transfer function of a single phase PI-controller is:

ki
Gpols) =k + - (5.42)

According to [43], it can be transformed to the stationary frame by the following equations:

1
GAC(5> = §{GDC(5 + jwres) + GDC(S - jwres)]; (5.43)
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k;s

82 + wges

Gac(s) = ky + (5.44)

A positive sequence synchronous dg* PI-controller can be derived in stationary frame as:

kp+%5 0 kp + ity — e
Gl (s)=|" " = GY(s)" = & s (5.45)
DC’( ) 0 k + j AC( ) SI;::ZTS; k + 52+wT2€5
Similarly, the negative sequence synchronous dq~ Pl-controller can be derived in stationary
frame as:
_ k + _7, O k + 5 2 l;iwres
Gl (s) = : = G95(s y *wm # e (5.46)
O A g e i

By observing the above equations, the controller matrix is still complex due to the cross
coupling terms between phases. According to [44], by comparing Equations 5.45 and 5.46, it is
noticed that the diagonal terms of G47,(s)* and G%%,(s)~ are identical, but their non-diagonal
terms are opposite in polarity. This inversion of the polarity can be viewed as equivalent to the
reversal of rotating direction between the positive and negative sequence synchronous frames.
However, if one combines both sequence controllers together, we get the well known and widely
used proportional resonant controller [45,46]. The transfer function of the P+R controller is
shown as:

ey k: + 52 w2 0
o =[O
+w

res

(5.47)

From this equation, it can be seen that the P+R controllers do not require any decoupling net-
works, neither depend on the sequence control, as a single P+R controller is able to control both
positive and negative sequence components [47]. Moreover, the phase angle of the voltage and
current system are eliminated.
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Figure 5.11: Bode plot of the P+R controller
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Figure 5.11(a) shows that the controller has an infinite gain at the resonant frequency w;.s,
therefore the controller has no phase or magnitude error in the output waves. However, the ideal
controller corresponds to a lossless filter network which is physically difficult or impossible to
implement due to the component tolerances in analogue systems and finite precision in digital
systems [43,48]. Besides, the controller is so sensitive to the frequency variations, therefore a
practical P+R controller expressed below is used as a realistic solution.

kp+ . 2k;wes O
+2 [ 72'65
GEpls)= | " T (5.48)
p Tt §242westw2,

where w, is the controller cut off frequency. The bode plot of the Equation 5.48 is shown in
Figure 5.11(b). By adjusting the cut off frequency w,, the controller has a wide bandwidth
around the resonant frequency with the cost of reduced resonant peak. A wider bandwidth
minimizes the sensitivity to light frequency variation, and the reduced resonant peak is still
sufficient for eliminating the steady state error [46]. There are three parameters in the practical
P+R controller: k, regulates the overall gain, k; adjusts the resonant peak amplitude, and w,
controls the bandwidth.

Moreover, another big advantage of the P+R controller is selective harmonic control. Related
to the proposed grid emulator, in normal operation mode a very low THD fundamental voltage
wave is desired, thus low order harmonics (5,7 and 11th) should be compensated (Figure 5.12).
When a synchronous frame PI controller is used, multi-frame transforming has to be done,
which is complex and probably out of the reach of the digital controller. However, referring to
the resonant controller, the multi-harmonic controller is easy to implement without too much
calculation burden. Selective harmonic control can be achieved by cascading several resonant
blocks (equation 5.49) tuned to resonate at the desired low-order harmonics frequencies.

Fundamental resonant controller

2kiwes
Xx(s) kp + 52+2w:;)+éw$es Xc(9)

Z 2k’ihwcs
T 52 4+ 2wes + (hwres )|

=5,7,11

Harmonics compensation

Figure 5.12: P+R with harmonics resonant controller

Guls)= 2kincocs (5.49)

Mt 52 4 2w + (hwres)?

5.2.2 Multi-loop controller with different minor-loop feedback variables

Related to the proposed power grid emulator, the output voltage of the filter capacitor has to
be controlled to track the desired value. A simple single voltage loop with aforementioned
P+R controller is capable of achieving the control task. It is cost-effective (no current sensor)
and easy to implement, however a trade-off between the controller performance and the system
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stability must be made. According to [49] and [50], a larger controller gain is required for
better steady and transient performance, but it deteriorates the system stability. Although a feed-
forward of reference voltage signals improves the performance, the controller is still subject to
serious LC resonance.

A multi-loop strategy has an additional inner current loop which improves the system stabi-
lity and exhibits good steady and transient performance simultaneously. Therefore, it will be
implemented as the controller of the corresponding grid emulator. There are several inner-loop
feedback alternatives (inverter current ¢;,,,, Or capacitor current ¢ ) which have respective me-
rits and shortcomings [45,51]. In general, the capacitor current feedback is better for the load
rejection, while on the other hand, the inverter current feedback has better LC resonance dam-
ping and over current protection ability [49]. Two strategies will be analysed respectively in the
following section.

The multi-loop controller with the inner inverter current feedback loop is shown in Figure
5.13 (pahse diagram is shown). Since the steady state error of the inner current loop does not
effect the outer voltage loop accuracy, a simple proportional controller is used instead of the
complicated PR controller [45]. The sensed output voltage can be positively fed back (output
voltage decoupling) to the inner current loop as shown by the doted line. According to [52],
by doing this output voltage decoupling, the inner loop could have a higher controller gain and
thus a better steady and dynamic performance, and the system is more stable. This is approved
by the closed loop transfer function of the inner current loop with and without output voltage
decoupling.

5 Physical System tload

Voltage P+R Controller Current P Controller
Vé ‘/inv iiﬂY} ,L'C
f i N eiwes T = i (_]1 VC
P T s242westw?, sLy M sCy f

Figure 5.13: Stationary multi-loop controller of the voltage source inverter with LC filter.

The closed loop transfer function of the inner controller with output voltage decoupling is:

ke
Z"LU_) inuv (S) LfS + kc ( )
and without decoupling is:
k.C
iz (8) = | (5.51)

S2Lfo + SkCCf +1

With the output voltage decoupling, the transfer function of the inner current loop is changed
from a second order system into a first order system. According to the response characteristics
of the first order system, it is always stable and the dynamic performance of a step response
could be very fast without any overshoot and oscillation. A larger inner loop controller gain
could be possible for the output voltage decoupling case, thus it achieves a robuster and bet-
ter dynamic performance system. This is approved by the root locus plot of the two transfer
Equations 5.50 and 5.51, which are shown in Figure 5.14.
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Figure 5.14: Root locus of the inner loop when kc in the range of 0 to 30

As discussed previously, either inverter current 4;,,, or capacitor current iy can be the inner
loop feedback variables. The closed loop transfer function G, p (s) of both cases is derived
in the following.

First the disturbance 7;,,4 1s neglected, and only the effect of the reference v, 7 is considered.
inverter current feedback

Goopoor, (S = e 5.52
o5y (9) it0ad=0 ass* + azs? + azs? + a1s + ag (5-52)
capacitor current feedback
kelkps® + 2w.(ky, + k;)s + kw2,
Gvcfﬁvéf(s) . = [ p4 3( L 2 ) b ] (553)
tload=0 a48* + ass + a928° + ais + Qo

where ay = Lfo, as = QWCLfo + k‘CCf, a9 = wfestCf + QWCI{?CCf + kpk’c,
ar = W2 keCp + 2we(kpke + kike), ag = kpkow?,,.
By comparing Equations 5.52 and 5.53, it is obvious that the transfer functions of the both
feedback variables are exactly the same. In other words, both strategies have the same reference
tracking capability. Either inverter or capacitor current inner feedback controller shows no
difference under the no load condition.

Second, the reference input v, f is set to 0, and only the effect of disturbance 7;,,4 is considered.
The transfer functions are:

inverter current feedback

B _Lfs3 + (ke + 2w L) s* 4+ (2weke + Lyw?2,)s + wi ke

Gv i . — res res 554
Ccf— load(s){vcfzo 0/484 + a383 + CL282 + CllS + a() ( )
capacitor current feedback
Lis® 4+ 2w.Lps* + Lyw?, s
Gucj—itgaa ()] (5.55)

vey=0 ays* + azs’ + aqys? 4+ a1s + ag
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By comparing the disturbance rejection transfer function 5.54 and 5.55 of both cases, the dif-
ferences between two different feedback variables come out. The steady state errors of distur-
bance current step are calculated as following:

inverter current feedback

: erskc 1
Css — ilir(l] GUC’f—)iload (S) Vg, =0 = &—0 = k_p (556)
capacitor current feedback
€ss = Pi% Gvcf—>izoad<s) ”z‘f:(] =0 (557)

Equations 5.56 and 5.57 mathematically illustrated that the capacitor feedback strategy has
a zero steady state error for disturbance current step, however the inductor current feedback
strategy comparatively deteriorates the load disturbance rejection capability as the result of
the steady state error . As mentioned previously, the inverter current feedback strategy has a
benefit of the over Current protection, therefore if using the inverter feedback, one compensation
method should be used to achieve better disturbance rejection. Similar to the PI controller, the
disturbance load current is simply feed forward to the current controller, and it is also named as
disturbance current decoupling which is shown in Figure 5.15.

Physical System tioad

Current P Controller Disturbance decoupling
Voltage P+R Controller v
Ve inv g
Cy — Linv eft
1
ky + —pkiwes SsL; 5% sCr Ve,
_ s2+H2westw?, sLy LsCr )

Figure 5.15: Disturbance decoupling of the PR controller.

By doing this, the transfer function of the system is the same as Equation 5.55; thus it has no
steady state error for the step response of the disturbance load current.

The tuning process of the multi-loop PR controller is not so systematic, and it is mainly based
on the trial and error with the system step response in MATLAB. As the inner current loop has a
simple proportional controller, the closed loop transfer function is a first order system which is
easily tuned as fast as desired. By using the equation 5.13, the parameter k. of the inner current
controller could be easily calculated with the desired settling time. However, the PR controller
has more tuning parameters as k,, k; and w,, and its optimization is very complicated.

According to [48], k,, controls the cross-frequency of the system, and the higher the propor-
tional gain is the faster the transient response will be. The resonant terms k; and w. mainly
influence the resonant frequency, but have very little effect on the cross frequency. The tuning
is carried out basically in two steps: first, k, is chosen so that the transient process has desired
settling time and overshoot. Then design the resonant components for the desired steady state
and enough phase margin.
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5.2.3 Damping methods of the LC circuit resonance

The plant of the LC filter is a low damped second order system, therefore the frequency com-
ponents which are around the resonance of the LC circuit deteriorate the system stability. In
order to solve the resonance problem of the LC plant, two categories of damping methods are
introduced in the literature [53—55]: passive and active damping.

The principle of the passive damping is straight forward. By introducing a damping resistor in
series or in parallel with the filter inductor or capacitor, the energy of the resonance is absorbed.
The four possible positions of the damping resistor are shown in Figure 5.16. The tuning is
done with the help of the MATLAB. The closed-loop transfer function of the system is built
and its step response is simulated in MATLAB.

Figure 5.16: The possible positions of the damping resistors.

The passive damping is simple, robust and effective. However, from the efficiency point of
view, it is not a reasonable solution due to the losses caused by the additional damping resistors.
Therefore, a recently introduced active damping method uses virtual resistors in the digital
controller instead of real resistors in the physical circuit. Because the virtual resistor behaves
as a compensator which damps the LC resonance effect without producing any losses, active
damping is believed as a more effective damping method.

Digital System Physical System tload Digital System Physical System ioad

Nt
- _| ic, ; Vinu _] e,
- -

7
-
L

v

Ve,

(a) passive damping resistor in series with inductor

Digital System Physical System
2! b . ! ! Uoad
~ L
=1

(c) active damping virtual resistor in series with in- (d) active damping virtual resistor in series with ca-
ductor pacitor

Figure 5.17: Passive and active damping of the LC filter

As shown in Figure 5.16, there are four possible positions for the physical damping resistors.
Therefore four corresponding virtual resistors can also be digitally implemented to emulate the
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behaviours the real resistors. According to [49], for the virtual resistor in parallel with the in-
ductor or capacitor (realized by dividing the inductor or capacitor voltage by the desired virtual
resistance), differentiators are required to convert the current signal from the virtual resistor loop
output to the voltage signal that can be applied to the PWM modulator in the VSI. However, the
differentiator may bring a noise problem as a result of the amplification of the high frequency
component in the sensor measured current and voltage signals. In reality, the virtual resistors in
series with the inductor or capacitor are the practical solution. The implementation of the virtual
resistors is based on the equivalent manipulation of the block diagram with physical resistors.
The corresponding implementation is schematically explained in Figure 5.17.

Figure 5.17(a) and 5.17(b) show the control block diagram of the LC filter with passive
damping resistors in series with filter inductor and capacitor respectively. Figure 5.17(c) and
5.17(d) are just the manipulation of 5.17(a) and 5.17(b). Therefore the transient and steady
state behaviour of the systems before and after manipulation are exactly the same. However,
the manipulated block diagram replaces the physical resistor in the plant by the digital feedback
gain in the controller.

5.3 State feedback control of the VSI with LC filter

This section discusses another popular control strategy of the VSI with LC filter — state feedback
control. This method first requires the state space modelling of the control system. Afterwards
by deriving the state feedback gain matrix K based on pole placement or quadratic optimal
method, the step response of the controlled system is forced to desired requirements. The
section begins with the the general background knowledge of the system modelling and pole
placement technique. The following subsection focuses on the quadratic optimal control of the
proposed VSI with LC filter system.

5.3.1 General knowledge of state space modelling and pole placement
technique

In this subsection, the basic background knowledge of the general state space modelling and
pole placement technique is shown. As discussed in literature [56], we consider a multiple-
input-multiple-output (MIMO) system described by the following standard space equations:

x = Ax + Bu
y _ Cx (5.58)
where « is the state vector (n-vector), u is the input vector (r-vector) and y is the output vector
(m-vector). A(n x n), B(n x r) and C(m x n) are the system matrices. The control law is
expressed by the following equation:

u=—kx (5.59)

We assume the system is completely state controllable and observable, and w is unconstrai-
ned. Firstly, the reference input of the system is considered as zero, the system is also called
a regulator system (show as Figure 5.18). If we substitute Equation 5.59 into Equation 5.58, it
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gives
z(t) =(A—- BK)x(t)

x(t) = eABK)g(0) (5-60)

where x(0) is the initial state. The stability and transient response characteristics are determi-

x x

u B —> J > e > Y

A K

—K<

Figure 5.18: Block diagram of the state feedback control of a regulator system.

ned by the eigenvalues of matrix A — BK. By properly choosing the matrix k, the eigenvalues
of the matrix A— B K or the closed-loop poles are placed in the left-half s plane, and the system
response can be asymptotically stable and approach 0 as ¢ approaches infinity. This problem of
choosing the feedback gain matrix k, thus placing the closed-loop poles at the desired location
is called pole-placement method. It is worth to mention the precondition of the pole-placement
method is completely state controllable. In the scope of this dissertation, all the states of the
system are assumed controllable and observable without proof.

Figure 5.19: Block diagram of the state feedback control of a controller system.

Above we discussed the pole-placement method of a system with no reference input which
can be called a regulator system. However, the other more common case which has more
importance to the corresponding project is the controller system where the reference input is
time varying. It is normally named as controller system according to [56]. The controller
system can be divided into two categories — plant with and without integrator. As the relevance
to the proposed grid emulator, in the following, only the second category is discussed. In
contrast to the regulator system, an integrator is inserted in the feed-forward path between the
error comparator and the plant as shown in Figure 5.19.
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Based on the block diagram, the new system state space equations are:
x = Axz+ Bu+ Dd
y = Czx
u = —Kx+ k€
£ = r—y=r—Cz

(5.61)

where d is the system disturbance vector, r is the reference vector, £ is the output of the inte-
grator. Similarly we assume that the system Equation 5.61 is fully controllable and observable.
It can be reformulated as the following equation:

ity | [ A o=z B
IR EN IR

We also assume the system is asymptotically stable, therefore (c0), £(o0), u(00) and d(co)
approach constant values. Then, at steady state £(t) = 0, y(o0) = 7.

@ (00) A 0|/ z(0) | B (00)+
. = u (oo
&(c) —C 0 | | &(o0) 0
For step changing of the reference, 7(c0) = r(t) = (¢ > 0). The time constant of the system

is normally much slower than the controller period, d(co) = d(t) = d. By subtracting the
above equations, we obtain:

1

10) ] dt) + [ 0 ] rt)  (5.62)

r(c00) (5.63)

0

D ] d(c0)+

a:(t) — a:(oo) 1A 0 x(t) — x(o0) B " uloo
We define:
. (t) =ax(t) — x(0)
E(t) =&(t) —&(o0) (5.65)
u.(t) =u(t) —u(o0)
Then 5.64 can be rewritten as
(1) | A 0 (1) B
EIRER NG .
ue(t) = _Kwe<t) + kl‘ﬁ'e(t) (567)

Here by defining a new (n + )" order error vector e(t) and new error system matrix A, B and
K as following:

e ez
-C 0 0
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Equation 5.66 and 5.67 can be rewrite as new error state space equation as:

e = Ae+ Bue
. (5.69)
u, = —Ke
By solving the above equation, it gives the error state expression as:
ét) = (A—BK)e(t
(t) (A - BK)e(t) (5.70)
e(t) = eABKIe(()

If one compares Equation 5.70 and 5.60, it is easy to notice that they have the same form.
Therefore, by adding one integer and one gain block k; in the reference feed-forward path
(Figure 5.19), the new system’s error state space controller has the same solution as the regulator
system (Figure 5.18). By properly choosing the new state feedback matrix K, all poles of the
closed-loop system can be placed as where the designer desired. By doing this, the system
responses of any steady and transient states are controlled as required.

The controllability and observability of the state space system are out the scope of this thesis.
Several different kinds of methods of the feedback matrix determination are presented in the
literature. Matlab also provides an effective solution for pole-placement problems. Therefore,
the computation of a feedback gain matrix is not a difficult problem after choosing the locations
of desired closed-loop poles. However, the approach of pole placement strongly relies on the
designer’s experiences in the root-locus design. Because the system response speed and system
control signal energy are two mutual constraints of the poles-placement, it is very hard to op-
timize the controller design. The following discussed quadratic optimal control determines the
desired poles such that it balances between the satisfied response and acceptable control energy.

5.3.2 Linear quadratic optimal controller for the proposed grid emulator

Liner quadratic control as one of the optimal control optimizes the control objectives by mini-
mizing the formulated cost function. In this dissertation, we focus on the control system which
has the linear quadratic cost criterion, and the optimization is over an infinite horizon. This
so-called infinite horizon linear quadratic controller (LQR) has remarkable superiorities than
the common pole-placement strategy. It not only results in instinct closed-loop stability, but
also provides a systematic computation of the optimal feedback gain matrix K. It results in a
unique control law, has reasonably good interpretation for the choice of the design parameters
Q@ and R, avoids the need to specify desired pole locations (often chosen without good design
reasons), has good transient response, and has better numerical properties than pole placement
design. For these reasons, LQR design is often preferred over pole placement in control design
practice.
Here we consider the optimal problem of the state space system described as:

x = Ax + Bu 5.71)
LQR determines the optimal matrix K of the optimal control vector

u(t) = Kx(t) (5.72)
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By minimizing the cost function
J = / (2" Qx + u” Ru)dt (5.73)
0

where @ is a positive-semidefinite Hermitian or real symmetric matrix, and it represents the
weight of the state vector away form final value of 0. R is a positive-definite Hermitian or real
symmetric matrix, and it represents the control effort of regulating the state vector to 0. The
choice of Q and R reflects the trade-off between the response characteristics of regulating and
the expenditure of control energy.

The derivation of the optimal feedback matrix K is out of the scope, and for simplicity the
following conclusion is directly presented. Before we get the optimal K, a positive-definite
matrix P must be solved by the most famous algebraic Riccati equation in linear control theory

shown as:
AP+ PA-PBR'B'"P+Q=0 (5.74)

After getting the solution of the P from Equation 5.74, the optimal control is give by:
u(t) = —Kz(t) = —R BT Px(t) (5.75)

K=-R'B"P (5.76)

However the computation of the Riccati equation is normally very complicated and difficult,
MATLAB provides an effective solution for this problem with commands:

lqr(A,B,Q, R). (5.77)

Regarding to the proposed inverter with an LC-filter system, the state space equations are as:

ve, () 0 —w & 0 Ve (1)
vew | w00 & || Ve
g _1 d
0 0 —CLf 0
+ 0 0 ‘/z?w(t) + 0 _CLf Z-?oad(t)
LLf 0 V;iv(t) 0 0 i?load(t)
| 0 £ 0 0
q
Ve, ()
Vée@ | |1 000 VE () (5.79)
VE(t) 0100 il (1) '
U (1)

By comparing the Equation 5.78 and 5.79 with 5.61, we have:
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z=[V& () VAW i1 id,m]  u=[Vi@®) VLo,
y=[V&,) VED] d=[il.t) ita®)]

0 —w Ci 0 0 O
)2 0 0 1000
w 0 0 =
and A = 1 “1,B=|, ,C = ,
—I; 0 0 —w I; 0 0100
1 1
_CLf 0
1
D = 0 Cy
0 0
0 0
By substituting into Equation 5.68, we get
VE (1) ] [0 —w c% 0 0 0]
ng(t) w 0 0 ch 00
4 (¢ - —1 0 0 —w 0 0
e(t) _ Zzlnv( ) : A= Ly ) w 7
i% (1) 0 -, W 0 00
&a(t) 1 0 0O 0 00
| &) ] | 0 1 0 0 0 0]
(5.80)
-0 07
0 O
5 =0 o | K KK L
= . =
0 z; K [de fdd [ i pddpda
0 O
L. O O =

Before we solve the optimal feedback controller gain, the proper weighting matrix @ and R
are only design parameters. As illustrated before, the elements of () weights the gap of the
vector’s state and final reference value. Relating to the proposed project, in order to achieve a
faster transient response, the weighting factor of ¢, must be sufficiently large compared with the
others. In this problem, the weighting matrices are chosen based on the simulation as follows:

1000 0 0 ]
0100 0 0

0 0010 0 0 o 10]. 581)
0001 0 0 ’ 0 1
000 0 20/C; 0
(0000 0  200/C



CHAPTER 5. CONTROL STRATEGY OF A VOLTAGE SOURCE INVERTER WITH LC OUTPUT

74

FILTER

The MATLAB program of the controller design is shown below.

MATLAB Program of quadratic optimal controller design
Lf= 3e-3, w=2pix50, Cf= 30e-6;
A=[0, -w, 1/Cf, O, O, 0; w, O, O, 1/Ccf, O, 0; -1/Lf, O,
o, -w, 0, 0; 0, -1/Lf, w, O, O, 0; -1, 0, 0, 0O, 0O, 0; O,
_1/ O/ OI O/ O]/
B=[0, 0O0; O, 0O0; 1/L, 0O0; O, 1/L; O, 0O0; O, 0], R=[1,0;0,11;
Q:[lIOIOIOIOIO; OI l’ OIOIOIOI OIOIlIOIOIOI OIOIOIlIOIO;
0,0,0,0, 200/Cf,0;0,0,0,0,0,200/Cf1;
K:lqr (AI B, Q, R) 7
$Program Output-----——--—--—---—————-
K= (1.1, 0, 14.6, 0, -2571.6, -231.8; 0, 1.1, 0, 1l4.6,
231.8, —-2571.6];
Therefore, the final feedback gain matrix is:
K11 = Kffd = 1.1
K# = Ki = (
KM = Kidd = 14.6
K4 — K _— (5.82)
kT = kﬁld = 2571.6
k= —kf = 2318

The controller will be implemented as shown in Figure 5.20 with all the parameters expressed
as Equation 5.82.

chf ,

Ve b ve,
ng* _T gd mfd Vlff;;)
V¢,

inv

Figure 5.20: Block diagram of the LQR controller in dq frame.
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5.4 Discretization the continuous design via transform met-
hods

In the previous sections, all the control strategies are designed based on the analyses of the
system in the continuous domain and they have to be transformed into its equivalent discrete
forms as a requirement of the modern digital controller relying on the discrete signals. The-
refore, it is important to investigate the discretization methods of the pre-designed controller
which is represented by its Laplace s-function. This section will illustrate the two main discrete
equivalent processes: numerical integration and zero hold equivalent. After gaining enough
background knowledge, the discretization of the general form of the PR and the LQR controller
will be presented under the help of MATLAB at the end.

5.4.1 Numerical integration discrete equivalent

The numerical integration of the differential equations is very complex itself. The following
parts explain only the fundamental concepts and conclusions. We consider a transfer function
H(s) as:

Ul(s) a
H(s) = = 5.83
(5) E(s) s+a (5:83)
according to [57], we can reform it into integral form as following:
t
u(t) = / —au(r) + ae(r)]dr (5.84)
0
KT—T kT
u(kT) = / [—au(T) + ae(T)]dr +/ [—au(T) + ae(r)]dr (5.85)
0 KT—T
area of —au(T) + ae(T)
= ET —T 5.86
u( )+{ over KT —T <17<kT ( )

Several different methods have been developed to approximate the incremental area term of
Equation 5.86. There are three main strategies: forward rectangular rule, backward rectangular
rule and bilinear or trapezoid rule. It is known that, the discrete equivalent by the forward rec-
tangular rule may not always stay stable. Therefore, the forward rule is not recommended. The
backward and bilinear rule will be explained in the following and schematically demonstrated
by the Figure 5.21

The back rectangular rule follows from taking the amplitude of the approximating rectangle
to be the value backward from k7" toward (k — 1)7". The equation of u(k7") approximates as:

wkT) = wkT —T)+ T|—au(kT) + ae(kT)]
u(kT —T) aT

ET). 5.87
1var " Trar ) 87
The z-transform of Equation 5.87 is:
al'z
H = —
5(2) z(1+aT) -1
= ° (5.88)

(z=1)/Tz+a
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Figure 5.21: Approximation rules of the incremental area [57].

Similarly, the bilinear approximation takes the trapezoid area of figure 5.21(b). The approxima-
ting difference equation is:

wkT) = wkT —T)+ g[—au(kT —T)+ae(kT —T) — au(kT) + ae(kT)]

1—(aT/2) al/2

= —u(k;T—T) + m

1+ (aT/2) [e(kT —T) + e(kT)). (5.89)

again, by applying the z-transform we can get the equation:

alz

224 aT) +aT — 2
a
= . 5.90
/TG -D/Gr)ta 620
If one compares Equation 5.83 with 5.88 and 5.90, it can be seen that a discrete transfer function
can be obtained from the Laplace transfer function by substitution of an approximation for the
frequency variable as shown in the table below. According to Table 5.1, the discretization

Hr(z) =

Table 5.1: Discrete method

Method Approximation

Backward s —

Bilinear s — ==

method of a continuous controller can be summarized by substitution:

Hg(z) = H(S”zf; (5.91)
Hr(2) = H(s)| ;2 1. (5.92)

Equation 5.92 is also called Tustin’s method which maps the stable region of the s-plane exactly
into the stable region of the z-plane. The stability of the discrete transform is assured. This
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method will be used in the aforementioned PR controller. In Matlab, the command below helps
to convert the controller transfer function under CAD

H(z)qg = c2d(H(s)., Ts, ‘'tustion’) (5.93)

Where T is the sampling frequency of the controller.

5.4.2 Zero order hold equivalent method

The other method is called the hold equivalence and is similar to the signal sampling mecha-
nism. It is based on taking the samples of the signals, extrapolating between samples to form
an approximation of the signal. There are several different kinds of the hold techniques, and
the most common one is the zero order hold (ZOH) method. In this subsection, the principle
of the ZOH will be first illustrated. Later, the discrete equivalent of the continuous sate space
expression of the plant will be presented. As the state space feedback control is normally based
directly on the direct digital control, it is required to find the discrete equivalent of its continuous
plant.

e(t) e(k)

— Sampler

Hold H(s) Sampler [T
|
J

Figure 5.22: Block diagram of the zero order hold discrete equivalent method.

We use Figure 5.22 to explain the principle of the hold equivalent. The input signal e(¢) will
be sampled as e(k), then held as é(t), and passed through H(s) to get u(t). The output ()
will be sampled as @ (k). The discrete equivalent Hj(z) is the combination of the hold, H (s)
and the sampler as shown in Figure 5.22. If the holder is a zero order it is called ZOH discrete
equivalent. Here, without the derivation, the ZOH discrete equivalent of H (s) is given by

Hy = (1— 217 {H(s> } . (5.94)

S

Now we pay attention to a linear time invariant state space plant presented as:

r = Az -+ Bu
y =Cx+ Du (5.95)
according to modern control theory literature, the solution of the Equation 5.95 is:
t
x(t) = ey (1)) + / e Bu(1)dr. (5.96)
to

if we consider to = kT,t = (k + 1)T, according to the ZOH rule u[kT < t < (k+ 1)T]| =
u(kT'). Then above equation can be rewritten as:

z[(k+1)T] = ®[(k+1)T — kT)x(kT) + / o ®[(k +1)T — 7|Bu(r)dr
— &(D)x(kT) + / o ®[(k + 1)T — 7|Bdru(kT). (5.97)
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where ®(T') = !, we define:

(k+1)T
T = / ®[(k + 1)T — 7| Bdr. (5.98)
kT

if we substitute the ¢t = (k + 1)T" — T, the above equation is rewritten as:

© T
T = / ®(t)B(—dt) = ( / e dt)B. (5.99)
T 0
The discrete equivalent of the state space model (equation 5.95) can be described as following:

{ x(k+1) =®x(k)+Tu(k)

y(k) = Cx(k) + Du(k) (5.100)

However the calculation of ® and I' is very complicated and tedious, and normally the discre-
tization is done by the help of the Matlab:

sysD = c2d(sysC,T). (5.101)

where sysC contains A, B, C, D. The above Matlab script transforms sysC' to the discrete
model ®,T", C, D (or sysD) with a sample period 7.

5.4.3 PR and LQR controller discretization and implementation in real-
time system

Now we try to apply the discretization method described before to the designed controller in
continuous time domain.
Case 1: PR-controller
Based on the simulation, the final well tuned PR controller is described by the following equa-
tion:

v'ermr(s) - 2k;w.s _ kps® + 2we(ky + ki) s + kyw? (5.102)
iref(S) §2 4+ 2w.s + Wi $2 4 2w.s + Wi

By substituting k, = 0.028, k; = 0.06, w, = 3 * 27, wy = 50 * 27, we get
Verror(s)  0.0285% 4 3.318s + 98700

5.103
iref(S) 52 4 37.7s + 98700 ( )
If the bilinear method is adopted, one can either substitute s by its approximation % ;} or use

the MATLAB command c2d(H.(s),T's, tustion’). The discrete controller is expressed by the
following:
Verror (2) az’? —bz+c

irep(2)  d22—ez+ f
where a = 0.112425,b = 0.223978,¢ = 0.111596,d = 4.005098,e = 7.999229, f =

3.995673. Based on equation 5.104, the algorithm expressed below will be implemented in
the real-time controller.

iref(kTs) = (a/d)verror(kTs) - (b/d)verror(kTs - Ts)
+ (/) Verror (KT — 2T,) + (€/d)iyer (KTy — T) (5.105)
— (f/d)iyes(KTs — 2T5)

(5.104)
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Case 2: LQR-controller

In Subsection 5.3.2, the LQR controller is designed based on the system state space equation
in the continuous time domain. However, the system signals are discretely sampled by the
AD converter of the real-time system, a design based on the continuous model will not work
properly due to the sampling and hold mechanism of the digital controller. Therefore, the system
state space equation has to be transformed into its discrete form by the ZOH method, then the
LQR feedback matrix gain based on this discrete state space system has to be calculated.

According to Subsection 5.4.2, one could calculate the discrete matrix by:

& = AT

5.106
I = ([ e*dt)B ©-106)

Or one can use MATLAB to design the discrete controller by using the following program.

MATLAB Program of quadratic optimal controller design

Lf= 3e-3, w=2pix*50, Cf= 30e-6, Ts =6.25e-5;;

A=[0, -w, 1/Cf, O, O, 0; w, O, O, 1/Cf, 0O, 0; -1/Lf, O,
o, -w, 0, 0; 0, -1/Lf, w, O, O, 0; -1, 0, O, O, 0, 0; O,
-1, 0, 0, 0, 0];

B=[0, 0; O, 0; 1/L, 0; O
o=(1,0,0,0,0,0;, 0, 1, O,

0,0,0,0, 200/Cf,0;0,0,0,0,0,200/Cf];
Kd=lgrd(A,B,Q,R, Ts); % discrete-time 1lqgr

%$Program Output---——————-——------————

K= [0.8, 0, 13.5, 0.1, -2208.4, -200.1; 0, 0.8, 0.1,
13.5, 200.1, -2208.4;

1/L; O, O; 0 ] [ rVr Yy
,0,0; 0,0,1,0,0,0; 0,0,0,1,0,

O O

We get the feedback gain matrix K4 based on the discrete state space system as shown below.

K% = K = 0.8

K¢ = K# = 0

K" = K% = 135

K = KM = 01=0 (107
k1 = kg = 22084

kY = k% = 2001

By comparing Equation 5.107 and 5.82, one can clearly notice the differences between the two
designs.

5.5 Comparison of aforementioned control strategies

In this chapter, three different controller designs for the grid emulator were presented. The
investigation of these different strategies shows the advantages and shortcomings of each case.
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Table 5.2: Analytical comparison of three control schemes

PI PR LQR
Operat. frame dq af dq
Transfor. calc. required no required
Decoupling net. required no -
Harmonic rejection bad good bad
Sequence control only positive positive and negative only positive
Freq. sensitivity only fundamental | light frequency variation | only fundamental
Tuning parameters kpvs Kivs Epis Kii kp, ki, we, ke Q
Optimization - - instinct optimization

This section summarizes the characteristics of all controllers, and gives an analytical compari-
son between them.

The conventional PI controller is simple to implement and easy to understand. It is desig-
ned with the frequency response method, and it exhibits a satisfied performance for the system
transient and steady state response. However, due to its frequency sensitivity, the PI controller
has a very limited harmonic rejection capability. In the case of the nonlinear EUT, the highly
distorted currents deteriorate the controller performance. Therefore, the grid emulator can not
comply with the voltage standard which requires the THD smaller than 2.5%. In order to solve
this problem, selective harmonic compensators have to be implemented. But it requires exces-
sive computational resources for the different frames transformation. Moreover, the decoupling
networks are needed for each controller in every frame. Taking all these shortcomings into
account, the PI controller is unacceptable.

The PR controller is implemented in the stationary frame. The frame transformation compu-
tation and the cross-coupling items are completely eliminated. An effective selective harmonic
compensator can be achieved conveniently as shown in figure 5.12. As presented previously, the
practical form of the PR controller introduces a new parameter — cut off frequency w,, thus the
controller has a wider bandwidth around the resonant frequency. This moderates the control-
ler’s frequency sensitivity, and improves the THD performance of the grid emulator especially
for the nonlinear EUT situation. Moreover, compared with the PI controller, the PR controller
has both positive and negative sequence signal control capability, therefore it could be also ca-
pable of controlling the unbalanced voltage of the grid emulator. Last but not least, according
to [43,48], for the digital implementation, the P+R controller requires less signal processing,
and it is also less sensitive to noise. In the worst case, it costs similar computational resources
to that required for a Park transformation. Because of all these advantages, the PR controller is
investigated after the PI controller.

The PI and PR controllers both perform well for the control task of the grid emulator. Ho-
wever, their tuning method is very complicated and not so systematic, and the optimization
process is normally based on trial and error with the help of the frequency response and MAT-
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LAB simulation, which is inaccurate, and very inefficient because of weak purpose and vague
criteria. This unsatisfactory aspect is the main reason for investigating further control schemes
— linear quadratic regulator (LQR) for the grid emulator. As presented in the previous section,
the LQR results in closed-loop stability, and also provides a systematic computation of the op-
timal feedback gain matrix. In contrast to the PI and PR controller, it gives unique control law,
and has reasonably good interpretation for the choice of the matrix Q. Although the theory of
state space control is difficult to understand, the controller design has to follow the summarized
procedures. After modeling the state space equations of the system, the matrix required for the
controller design can be directly derived through Equation 5.80. The only tuning parameter is
the matrix (), and according to its representative meaning, only two elements for the voltage
error in d and ¢ axis should be tuned. The values of the elements are simply increased until
the system transient performs a desired process. The LQR controller does not need to sense
and feedback the load currents to achieve disturbance rejection. This characteristic saves two
expensive current transducers. Therefore, the LQR is the most cost-effective control scheme
among the other two.
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CHAPTER 6

Final PHiL system realization and experimental
verification

In order to validate the function of the proposed PhilL grid emulator, a downscaled 5 kVA
PHiL prototype has been constructed. A self-designed real-time system is also implemented
to control the inverter cumulation system. In this chapter, the real time system and hardware
test bench will be presented first. Then the experimental results based on the aforementioned
various control algorithms are presented one after the other.

6.1 Hybrid real-time control system

Nowadays, digital control techniques supported by processors (micro-controller or DSP) have
replaced the traditional analogue control techniques which rely on discrete hardware compo-
nents like operational amplifiers etc. DSP controllers are the most popular industrial solutions
for many years. In general, all the processor based controllers are either triggered by an external
signal or an internal timer generated interruption which forces it to start a new sampling period
and then execute a cycle of the control algorithm in a real time. Several different peripheral
devices can be integrated depending on the requirements. Normally units like the analogue-
to-digital converter (ADC), current and voltage measurements, or PWM generation are very
important for the power electronics control system. Besides, the human-machine-interaction
(HMI) like digital-to-analogue converters, LCD display and control buttons are necessary to
support the functionality of the real-time system. However, there are several drawbacks of the
commercial system. Firstly, the high cost and licenses constraints normally cause big problems
for universities and technical institutes. The more important limitation is the higher average
latency of the processor-based real-time system, which is the consequence of the sequential
execution principle.

Thanks to the fast development of the Complex Programmable Logic Devices (CPLDs) and
Field Programmable Arrays (FPGAs) in recent years, a quasi-analogue controller became fea-
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sible recently [58], especially since FPGAs have more and more logic elements, making them
capable of implementing more complex computations than before. The most important feature
of the quasi-analogue or quasi-hardware controller compared to the software controller is that
the complexity of the computations dominates the amount of hardware resources needed instead
of the speed of execution. As it is well known, the time delay of hardware processing is within
one or a few clock cycles which is almost negligible compared to the software controller. Furt-
hermore, besides the traditional sequential execution, the hardware implementation can achieve
the parallel execution which enables the controller to process different tasks simultaneously.
By doing this, the calculation time is dramatically decreased. However, in order to implement
the control algorithm on the hardware controller, the complicate VHDL (Very High Speed Inte-
grated Circuit Hardware Description Language) or Verilog language is necessary. The flexible
floating-point operation is not possible any more. Instead the more complicated fixed-point
computation has to be used. Therefore, as a result of the complex program language, the im-
plementation of the FPGAs controller is very time-consuming, And due to the noncompetitive
fixed-point operation, math calculation are very resource-consuming.

o= —-——-—-

PICMG 1
I IGBTinv.Controller I
I ﬂ | PHIL
I Data Tlnterrupt. Addr. @ I )
Addr.
I FPGA <:I ceLd | 11 it
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I c.PWMgen. Deadtime I
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Figure 6.1: Principle diagram of the self-developed FPGA-based real-time system.

As the switching frequency of a MOSFET inverter is above 50kHz, and due to the strin-
gent time constraints and complex control algorithms, it is beyond the capability of a common
processor-based controller to control the inverter. In order to implement the control algorithm
of the inverter cumulation system, an FPGA-based hybrid real time system with an RTAI-
Linux [59] was developed at our institute. In Figure 6.1, the principle schematic shows the
three main parts (PICMG main board, FPGA board and CPLD board) of the system. The PI-
CMG main board has a Pentium 4-CPU (3.4GHz). Installed is a Linux based operating system
with an RTAI kernel-Patch. The controller of the IGBT inverter is implemented as an interrupt
service routine of the CPU which is triggered by the FPGA in real time. The FPGA board
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with a Cyclone III FPGA serves as the core element of the system. Its functions include di-
gital signal processing, PWM generation, communication interface with the AD converter and
the CPU interrupt generation. Besides, due to the aforementioned ultra fast program execution
capability, the MOSFET inverter controller is also implemented in the FPGA. The CPLD takes
the response of address decoding of the ISA-Bus of the PICMG main board and the dead time
generation for the inverter driver. The above mentioned real-time system combines both the
digital and quasi-analogue controller together as a hybrid system, which achieves the control
task for the inverter cumulation system.

The IGBT inverter controller is implemented in the processor-based controller. The algo-
rithms are programmed as Linux kernel modules which are triggered to execute in real time by
an external interrupt from the FPGA. The programming language is C code, and the floating-
point math operation is also available. This makes the control solution very flexible and effi-
cient. The MOSFET inverter controller, on the other hand, which requires a fast control cycle
period, is programmed by the VHDL in the FPGA. Although the implementation is relatively
more complicated than the digital controller, the execution latency requirement is fulfilled.

6.2 Prototype test bench of the inverter cumulation system

The prototype test bench is shown in Figure 6.2. It consists of an SEW commercial three-phase
SKVA IGBT inverter and a MITSUBISHI low voltage (Vpg = 100V) MOSFET power module
FM200TU. The key issue of the system implementation is the coupling inductor design. The
following section will present the system in detail.
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Figure 6.2: Experimental setup of the prototype grid emulator. Upper left: power stage and
inductor. Bottom left: coupling inductors and capacitors. Right: Overview of the system.
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6.2.1 Magnetic coupling inductor design and implementation

The coupling inductor is the key component of the inverter cumulation system. Ideally, the
coupling inductor should inject the high frequency voltage waves generated by the MOSFFET
inverter to the IGBT inverter output terminals. However on the other hand, the influence of the
IGBT inverter on the MOSFET inverter has to be as minimum as possible. The single phase
equivalent diagram is shown in Figure 6.3(a), and for simplification we assume there is no
switching component after the LC filter. The criteria of the coupling inductor design is that the
magnetic inductance L,,, should be negligible to the primary system with low frequency, but has
a high p.u. value to the secondary high frequency system. Due to the big difference of power
rating and fundamental frequency of the two systems, an appropriate value of L,, is not difficult
to find. The coupling inductor is designed by assuming the low frequency (50Hz) component as
a DC offset. As shown in Figure 6.3(b), the secondary voltage V5 and current 75 are replicated
to the primary side, but only the primary current 7, is reflected to the secondary because of the
negligible voltage V; ~ 0 across L,,.
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(a) Single phase equivalent circuit of the proposed
inverter cumulation system.

1kHz

(b) Decoupled equivalent primary and secondary
circuit of the coupling inductor.

Figure 6.3: Coupling indutor design

The primary side of the coupling inductor is in series with the system output terminal, the-
refore the primary current 7; equals the full rated current of the IGBT inverter. Due to the
fundamental frequency of the MOSFET inverter fi5 is over 20 times of the IGBT inverter fi;
(50Hz), 71 could be assumed as a DC offset of the secondary winding of the coupling inductor.
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In order to avoid the magnetic saturation effect of the core, the coupling inductor is designed
with an air gap. The detailed parameters of the coupling inductor of the SkW prototype test
bench are shown in the Appendix B Table B.1.
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Figure 6.4: BH loop of the coupling inductopr.

The BH loop of the coupling inductor is shown in Figure 6.4. It has one major and one
minor loop. The bigger hysteresis loop is produced by the IGBT inverter’s low frequency S0Hz
sinusoidal current. On the other hand, the MOSFET inverter 1kHz current drives the minor
hysteresis loop. The coupling inductor design has to consider the worst saturation case where
both major and minor loops reach their maximum value. In other words, the core of the coupling
inductor should not be saturated at the worst case.

The first task of the coupling inductor design is choosing the magnetic material and the shape
of the core. At the very beginning, the system schematic is designed as in Figure 4.10. The
coupling inductors are connected directly to the output terminals of the two inverters. As there
are many high frequency switching components, the coupling inductors are originally designed
for the high frequency working condition. The main issue of the high frequency magnetic com-
ponent design is loss minimization. There are two main groups of losses: iron loss and copper
loss. The iron loss or the core loss which is caused by the hysteresis and eddy current can be
minimized by using the so called soft magnetic material e.g. Ferrite. The copper loss which
is dominated by the skin and proximity effect in the high frequency range can be minimized
by using the Litz wire. However, the ferrite materials have quite high resistivity but rather low
saturation flux density, typically 0.3 T [3]. Litz wires reduce the AC resistance by constituting
of many thin, individually insulated, twisted wire strands, but the DC resistance is increased
because of the smaller conductor cross sectional area and the copper fill factor k¢, of the Litz
wire is below 0.4, due to the insulation and additional space between strands. Therefore, the
designers have to compromise the advantages and shortcomings of each technology. As menti-
oned before, the design of the coupling inductors follows the high operation frequency criteria.
The ferret material and Litz wires were chosen at the beginning of the design.

Thanks to the computer aided design software of the magnetic components manufacture (e.g.
EPCOS), the tedious mathematically calculations are avoided. The software generates the pa-
rameters based on the requirements set by the designers. The software interface of the Ferrite
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Magnet Design Tool (version 5.20 EPCOS) is shown in Figure 6.5. The inputs of the software
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Figure 6.5: Software interface of the inductor design.

are the required the inductance and DC-bias current. After choosing the available core and ma-
terial, the software will calculate the winding turns, air gap and the maximum wire diameters for
you. The tricky point is: how much inductance should be set at the start point? For a coupling
inductor, the bigger mutual inductance is better when there is no saturation! However, the core
size and winding number will increase to an impractical value. Therefore, there is a limitation
of the inductance value. That is determined by the largest core size and the maximum possible
winding turns in it. The largest core size is dependent on the manufactures’ product range. But
when the core size is fixed, the space for the windings is also fixed. The maximum winding
number is determined by the diameter of each inductor. The diameter of each wire is strongly
dependent on the maximum allowable current density J. According to [60], J is normally in
the range of 300-400 A/cm?. The rated current of the IGBT inverter is 7.5A, therefore as a
rule of thumb, it has a reasonable safe margin to set the two times higher current as 15A when
designing the inductor. The minimum cross section of the winding wire is calculated by the
following:
15A

400A/cm?
By considering the space in the core and the available litz wire on the market, the final design
of the coupling inductor has the winding ratio of 1:1.5. The minimum cross section of the
secondary winding is calculated as follows:

Actpin = Lo/ J = = 3.75mm? (6.1)

15A % 1.5
400A/cm?

Based on the result above, by checking the litz wire available on the market, the final winding
parameters are listed in Table B.2 in the appendix. The MOSFET inverter side winding has

A Clpin = Tge ¥ 1.5/ ] = = 5.6mm?> (6.2)
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N; = 33 turns, and the IGBT inverter side winding has N, = 50 turns. The copper fill factor
feu 18 calculated as follows:

_ 1 Acuy % 2Ny + Acug x 2N, _ 16.28%2%3343.77%2 %50 ~ 0.37 (6.3)

k
“2 A, 2 1070

where A,, = 1070mm? is the window area of the bobbin of the chosen ferrite core. As illustrated
before k., of the inductor using the litz wire should be smaller than 0.4, therefore the design
should have no manufacturing problems. The pictures of the final designed are shown in Figure
B.1 in the appendix. The inductors of the MOSFET inverter LC filters follows the same process.
By setting the desired inductance and chosen core as the input of the MDT software, the number
of winding turns and the air gap are calculated. The detailed parameters information are shown
in the Table B.3 in the appendix.

Effects of the high frequency design of the inductor

As explained in Chapter 4, the original topology does not work. The coupling inductors have to
be connected after the LC filter instead of the inverter output terminals. Therefore, the most part
of the high frequency components are filtered out, thus the coupling inductors are not necessa-
rily designed to withstand them. Does it cause problems, if the previous designed inductors are
used?

Using the ferrite core, the inductance is difficult to reach a high value as the consequence of
the lower saturation flux density. Furthermore, the cost of the ferrite material is higher. The
advantage of the lower hysteresis losses of the ferrite is not obvious in the lower operating
frequency. The other characteristic of the high frequency design is the use of the litz wire.
As the cross sectional area of each strand gets smaller, the total DC resistance of the winding
becomes much higher (more losses and heat) than normal wire. Moreover, the design is bulky
and expensive as a consequence of the complicated structure of the litz wire.

However, the desired inductance is still assured. One advantage is that the higher DC re-
sistance of the litz wire winding has a better damping effect of the LC resonance. Therefore,
although the final topology does not require a high frequency coupling inductor, the previous
manufactured inductors are still used in this case. The functionality of a high frequency design
is guaranteed in the lower frequency working conditions. The higher resistance litz wire win-
ding is not efficient from the losses point of view, but it exhibits a better stable operation of the
whole system. The cost and manufacture complexity are high, but as the prototype, these issues
are not as important as the verification of the functionality.

6.2.2 PHiL emulator hardware realization

The power stage of the emulator are two inverters. The IGBT inverter is a commercial product
of the SEW which is ready to plug and play. On the other hand, the MOSFET inverter is a
little bit complicated. There is no intelligent power module (IPM) available on the market.
As explained before, the switching frequency of the MOSFET inverter is more than 5S0kHz
which requires a high performance (power) driver. In order to avoid the potential failure, a high
frequency two-channel-driver *2SC0650P’ from *CONCEPT" is used. An interface board for a
three-phase-drive is designed and shown in Figure B.2.
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The other topic of the test bench implementation is the analogue signals (voltage and current)
sampling. A four-channel current sensor board was designed before at our institute as the perip-
heral board of the aforementioned real-time Pentium system. However, the previous designed
voltage measurement board is only suitable for the DC-link sensing. Therefore, a new designed
voltage measurement board shown in Figure B.2 has a 3-channel AC and 1-channel DC voltage
sensing capability.

6.3 PHIL introduction and the requirements of the grid emu-
lation

6.3.1 Concept of Power-Hardware-in-the-Loop (PHiL)

No software-based simulation is able to exactly reproduce the behaviour of a system under real
operating conditions. This inherent limitation is the result of the finite amount of information
which can be carried out by a model [61]. For this reason, performing simulations during the
development phase of a complex system can generally not ensure that the end product will
actually operate as expected. Furthermore, design faults may not be discovered until the very
last stage of the on-the-field testing, which results in considerable costs to fix them.
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Figure 6.6: Imitation technologies of the real-world system.

The use of real-time emulated environments to assess the correct function and reliability of
hardware components is being increasingly recognized as an effective means of overcoming
these drawbacks. This innovative method, commonly referred to as Hardware-in-the-Loop
(HiL) simulation, involves the technical equipment under test as well as sensors and actua-
tors interacting with a real-time computer system [8]. Usually, the output quantities delivered
by the equipment under test are captured by the sensors and processed by the real-time system
according to a mathematical model representing the emulated environment. Consequently, con-
trol signals are generated for the actuators to behave like the emulated environment, providing
the device under test with the corresponding input quantities. This increases the realism of the
tests and hence, the significance of the obtained results. In contrast to early HiLL schemes invol-
ving almost exclusively signal processing systems, modern HilL emulation also features energy
transfers. This approach, known as Power Hardware-in-the-Loop (PHIL), involves real energy
fluxes in the testing process [62—64]. This characteristic inherent in PHiLL systems obviates the
need for a specific energy model. This also solves the problem of model inaccuracy since real
energy will behave according to its physical properties given by nature.
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For these reasons, PHiL constitutes an efficient means of precisely reproducing the behaviour
of energy conversion systems, providing access to their physical features and, thus reducing the
risk of simulation inaccuracies at same time.

PHiL emulators include a power amplifier (switch mode, generator or linear amplifier) bet-
ween the real-time system (RTS) and the EUT [63]. Switch mode amplifiers (power electronics
converters) are commonly preferred due to their lower cost, higher flexibility, ease of manu-
facture and despite the fact that the voltage levels at their output terminals is limited to a few
discrete values. In consequence, the signal to be amplified has to be approximated by a series
of pulses, generally by means of a pulse-width modulator. Although the mean output voltage
over one carrier period is fairly equal to the one expected, the modulation produces a significant
number of additional frequencies in the spectrum of the output waveform [65]. As a result,
the carrier frequency — and hence, the switching frequency of the power electronic components
inside the emulator — has to be chosen high enough so that harmonics originating from the
modulation do not influence the tested device significantly. Owing to the physical constraints
limiting the switching frequency of power electronic devices, this requirement might be difficult
to fulfill if the device under test has a large bandwidth.

6.3.2 The technical standards of grid emulation

As the aforementioned power electronics system aims at building up the grid emulator, the
performance of the PHiL system should conform to the requirements of the technical standards.
The key evaluation criteria of the power grid is the power quality. However, the power quality
is a very general concept which is difficult to directly measure and evaluate. By specifying
parameters, patterns and limitations, several international and national technical standards play
important roles in evaluating the grid quality, and on the test procedures for grid connected
devices. The following standards are closely related to the grid emulator system [66]:

* EN 50160 voltage characteristics of the public distribution system
* IEEE 1547 interconnection of distributed resources with electric power systems

* IEC 61000-4-x transient immunity test

Table 6.1: Requirements of power grid

Item Requirements
Voltage variation +1%U,
Frequency variation +0.1 Hz
Harmonics distortion || THD, <2.5%

According to [66], all the necessary requirements can be specified to the two categories of
phenomena concerning grid voltage: stable and transient state. Table 6.1 summarizes the main
requirements of the grid steady state from the standards EN 50160 and IEEE 1547. The standard
ENS50160 gives the individual harmonic voltages at the supply terminals. It is shown in Table
6.2.
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Table 6.2: Values of individual harmonic voltages based on the standard EN 50160
Order h S| 7|11 | 1317 |19 | 23 | 25
Relative voltage (%) || 6 | S |35 | 3 | 2 | 15| 15|15

Table 6.3: Disturbances of the power grid

Events Durations

Sags: 0.1-0.9 pu instantaneous : 0.5-30 cycles

Interruptions: below 0.1 pu || momentary : 30cycles - 3sec

— temporary: 3sec - Imin

The standards also define the pattern and parameters of the grid transient behaviours like
voltage sags and short interruptions (Table 6.3). The fault ride through (FRT) test is very im-
portant for the distributed energy resource (DER) especially wind turbines. Therefore the grid
emulator is surpassed to emulate the fault behaviours based on the standard requirements. Fi-
gure 6.7 shows the standard fault ride through curve of Germany, which is used as the reference
signal for the grid emulator.
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Figure 6.7: Imitation technologies of the real-world system.

6.4 Experimental verification

In this section, the experimental results obtained from the prototype test-bench are presented
in the sequence of aforementioned control algorithm designs in chapter 5. The proposed grid
emulator is tested with two different types of EUT. An RL load bank represents the first type
of linear user of the power grid, on the other hand a rectifier with resistor emulates the be-
haviour of the non-linear grid-tied equipment. Several typical behaviours including sag, trip,
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frequency variation and low order harmonic programmability are emulated by the grid emulator
with respective controller.

6.4.1 Experiments of the grid emulator with multi-loop PI controller

The GE is controlled to generate the 70% rate voltage (U, = 110V") sag and 0% rate voltage
trip fault for a time period of 0.4s. The emulation performances are shown in Figure 6.8(a)
and 6.8(c). The wide view of the events are on the left hand side, and the zoom view when
the event occurs and clears are shown on the right. In order to further investigate the emulated
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Figure 6.8: Linear load sag and trip fault emulation with multi-loop PI-controller.

voltage signal quality, the total harmonic distortion (THD) is calculated by applying the Fast-
Fourier Transformation (FFT) to the measured voltage curves. The calculation is based on
the geometrical summation of the amplitude of the voltage harmonics V}, normalized to the
amplitude of the fundamental voltage V;.

/ fs fl ’ V |
THD, = % (6.4)

V1
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In this dissertation, only the harmonics up to the switching frequency for the THD calculation
are considered. Figure 6.9 shows the FFT spectrum (up to 30" harmonic)of the voltage signals.
The THD is 2.38% which fulfills the requirements of the voltage standard (THD<2.5%).
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Figure 6.9: FFT spectrum of the voltage signal.

The grid emulator is also able to emulate the frequency variation fault. In order to exaggera-
tingly show its performance, the fundamental frequency of the voltage is changed from S0Hz to
100Hz and back to S0Hz after 100ms. As discussed in Section 6.3.2, the capability of the fault
ride through (FRT) emulation is very important for the device under test such as wind turbine
systems. By generating the voltage waves (as Figure 6.7) in a down-scaled time period 500m:s,
the proposed grid emulator demonstrates its capability of FRT emulation.
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Figure 6.10: Frequency variation fault emula-

tion Figure 6.11: Fault ride through emulation.

The low-order harmonics programmability of the grid emulator is demonstrated by Figure
6.12(a). The voltage signal is generated with various harmonics based on the standard as des-
cribed in Table 6.2. The proposed grid emulator injects three harmonic components (5, 7 and
11) according to the standard and Figure 6.12(b) shows the FFT spectrum of the voltage signals.
It is clear to see that the harmonic components V; ~ 5.6%V;, V7 ~ 5.4%V; and Vi1 ~ 3.3% V1.



6.4. EXPERIMENTAL VERIFICATION 95

-
100 f 4 THD =7.86 %
- 61 V1 =110.8V
N
s Q</ J 50
-100 | [0}
‘ ] ‘ ‘ ‘ S 4+
0 0005 001 0015 002 0025 003 g
S 3
27 >
— Py
=,
T 0
= 1t
-2 I I I I I I - s
0 0.005 001 0.015 002 0.025 0.03 0 5 10 15 20 25 30
t[s] Harmonic order
(a) Low order harmonics superposition. (b) FFT spectrum and THD.

Figure 6.12: The low order harmonic programmability of the GE

6.4.2 Grid emulator with P+R-controller under non-linear load condition

As discussed in Section 5.2, compared to the synchronous-frame PI-controller, the P+R con-
troller has several advantages. It is implemented in the stationary «5-frame without any cross-
coupling, therefore the complicated frame transformation and decoupling calculation are all
eliminated. Moreover, the practical P+R controller can not only compensate both positive and
negative sequence components, but also have the wider bandwidth. These superiorities of the
P+R controller enables a better capability of harmonic rejection. As we know, the non-linear
load injects various harmonic distortions, and these harmonic components deteriorate the per-
formance of the conventional PI-controller. The P+R controller performs more effectively when
the grid emulator supplies a non-linear device under test.
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Figure 6.13: Non-linear device under test.

A non-linear load shown in Figure 6.13 is connected to the grid emulator. Both PI and P+R
controller are used, and the generated voltage signals are evaluated by their FFT spectrum and
THD. From Figure 6.14, it is obvious that the THD of the voltage signals generated by the
PI-controller approaches the standard limitation. The P+R controller shows a very effective
harmonics rejection ability. Compared to the PI controller, the low order harmonics (5, 7, 11
and 13) are dramatically reduced when using the P+R controller. The THD of the voltage
signals is even better than the PI-controller with linear load. Therefore the P+R controller is
adopted for the non-linear EUT, and the experimental results are shown in Figure 6.15.
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Figure 6.14: FFT spetrum and THD comparison between PI and P+R controller (Non-linar
DUT connected).
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Figure 6.15: Non-linear load sag and trip fault emulation with stationary fram P+R-controller.
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The reference voltage signals of the P+R controller are v, and vg in the stationary frame. In
Figure 6.15, the v; and v} are obtained by the transformation of corresponding quantities in the
stationary frames. As we could see from Figure 6.15(d), the start current of the positive step
response is much higher even with longer settling time compared to the situation with a linear
load. The reason is that the DC-link capacitor of the rectifier causes a big inrush current at the
positive voltage step. The capacitance of the non-linear load should be limited according to
the ability of the power grid emulator. It is reasonable to set it smaller than the capacitance of
the LC filter itself. The controller is tuned to have a slower transient process, and the inrush
current is controlled within a tolerable range of the system. However, because of the slower
response, the voltages oscillate with a small amplitude for several periods after the reference
voltage reaches 0 (shown as Figure 6.15(d)).

Although the P+R controller has several advantages compared to the conventional PI-
controller, several drawbacks are discussed in the following. The harmonic rejection causes
problem for the harmonic programmability of the grid emulator. ~As shown in Figure 6.16,
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Figure 6.16: The low order harmonic programmability of the GE with P+R controller
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the P+R controller dramatically attenuates the superimposed 5, 7 and 11th order harmonics.
Compared to the PI-controller (Figure 6.12(b)), the THD is reduced to 3.35% which is only half
of the previous value. All the harmonic components are much lower than the injected value.
Moreover, the P+R controller is designed for a specific frequency. The previous frequency
variation from 50 to 100 Hz experiment is not suitable for this case. The fault ride through test
under non-linear load is shown in Figure 6.17. As discussed before, the inrush current of the
rectifier capacitor is quite high at the positive reference step and because of the longer settling
time of the controller, the voltages have small amplitude oscillation when the reference signal

is 0.

6.4.3 Experimental results of the linear quadratic controller

The linear quadratic regulator is one type of state space control. It provides not only the instinct
closed-loop stability, but also the optimal transient response. The controller is implemented
in the synchronous rotating frame, but the feedback matrix needs only the simplest gain ele-
ments. Compared to the previous PI and P+R controller, the LQR shows several superiorities
including less implementation effort, instinct stability and optimal performance. In this section,
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Figure 6.18: Linear load sag and trip fault emulation with LQR controller.
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the previous emulation experiments are repeated on the grid emulator controlled by the LQR
controller. A linear RL load is connected, the sag and trip faults emulations are shown in Figure
6.18. Compared with the PI controller, both the transient process or steady state of the LQR
controller show comparable good performance. The frequency variation and FRT emulation of
the LQR controller are shown in Figure 6.19 and 6.20.
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Figure 6.19: Frequency variation fault emula- Figure 6.20: Fault ride through emulation with
tion with LQR controller. LQR controller.

The experimental results verify the previous discussion. The LQR controller has a systematic
optimization process, and it performs as good as the multi-loop PI controller but with much
less implementation effort. However it operates in synchronous rotating frame, and frequency
sensitivity is still a matter of concern.

6.4.4 High frequency harmonics injection capability

The IGBT inverter is controlled to emulate the lower harmonics in the power grid. However,
as discussed in the previous chapter, the most challenging task of the grid emulator is the high
frequency harmonics superimposition. The 13" and higher order harmonic components, which
require a much higher switching frequency, are emulated by the FPGA-regulated MOSFET
inverter. In order to demonstrate the high-frequency signal superposition performance of the
proposed system, the MOSFET inverter produces a 25" harmonic with an exaggerated phase
amplitude of 25V. Figure 6.21 shows the three-phase voltages (35V, 70V and 110V) of the RL-
load with MOSFET high-frequency injection. The start and stop transient of this high frequency
injection can be seen in Figure 6.22(a) and 6.22(b). Moreover, the high frequency harmonics
are also capable of being superimposed on all typical fundamental faults (sag, trip and FRT),
which are shown in Figure 6.23.

Based on the grid standard, the values of high order harmonics (above 23rd) are relatively
small (1.5%). In this case, it seems hard to justify the size of 50V MOSFET inverter. Howe-
ver, the grid emulator is supposed to emulate not only the normal operation but also the special
situation for particular scenario. As we know, large amounts of frequency converter drive sys-
tems (e.g. AC-DC-AC), non-linear equipment and switch-mode power supply have been widely
connected as customers of the power grid. All of these applications cause the high order har-
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monics which affect power quality of grid. Moreover, as the development of micro-grid and the
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Figure 6.22: HF harmonic injection start and stop transients.

distributed-energy-resources (DER), more and more grid-tied inverters are used. They generate
harmonic components around their switching frequency. In case of series-resonant or parallel-
resonant of point of common coupling (PCC), these harmonic components will be amplified
to ten times of their original value. By taking these special faults emulation into account, the
MOSFET inverter with relative higher power rating has a reasonable necessity.
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Figure 6.23: Fundamental voltage fault emulation with HF harmonic injection
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6.5 Discussion and further research focus

A downscaled PHiL grid emulator has been realized and tested. The ability of the ‘inverter
cumulation’ concept to handle high power while simultaneously providing highly dynamic re-
sponses is validated experimentally. In addition, the encouraging results offer good prospects
regarding the production of PHiL grid emulators economically affordable for small and medium
enterprises.

6.5.1 Limitations and modifications

However, the proposed grid emulator based on the current topology has several limitations. In
the following discussion, the technical reasons of these limitations and possible further impro-
vements are presented item by item. The system has a limited current rating. The ‘inverter
cumulation’ is based on the magnetic coupling components. As we know, all the magnetic ma-
terial will be saturated when the current is bigger than a certain threshold. A larger inductance
and higher saturation threshold are two incompatible characteristics of the inductor design,
therefore a trade-off between them must be tolerant during the system design. The DC-link
charging of the IGBT and MOSFET inverters are done by the simple diode-rectifier, thus the
power flow is non-reversible. The proposed grid emulator is capable of emulating only as a
power source instead of a sink. However, the power sink emulation is important to the EUT like
grid-connected distributed generation sources (DGS). A possible modification is to replace the
diode-rectifier by an active front end (AFE). By means of its back to back topology, the modified
grid emulator will be able to work as both power source and sink. Unbalanced voltage faults
with zero-sequence components (e.g. single phase fault) can not be emulated by the current
system. The proposed topology is a 3-phase 3-wire system. Three phases are not independent
with each other, and the system is capable of generating only positive and negative sequence
voltages. However the most important single phase short-circuit fault contains positive, negative
and zero sequence components which is impossible to emulate by the current system topology.
By separating the dc-link and getting its middle point, the system can be modified as a 3-phase
4-wire system which has the ability of single phase fault emulating.

6.5.2 New research focuses of the grid emulator

The proposed grid emulator is able to reproduce the steady state and transient process of grid
voltage waveform. Although this is the most important expected capability, it is not the full
story of grid emulation. Several challenging research topics have been also focused on by peers
worldwide during the development of the proposed project. Therefore, in order to have an
overview of the new research trends and possible further improvements of the proposed grid
emulator, this subsection presents the three newest aspects — the grid virtual inertia emulation,
grid short circuit emulation and DC injection control.

6.5.2.1 Virtual inertia emulation

The power grid is composed of a lot of conventional synchronous generators which have inhe-
rent features beneficial to system stability. One big advantage is that the generator shaft inertia



104CHAPTER 6. FINAL PHIL SYSTEM REALIZATION AND EXPERIMENTAL VERIFICATION

increases the system constant, thus a more stable power-frequency can be achieved. This good
characteristic is especially important for a weak grid situation. Aforementioned switching mode
inverter based grid emulator has totally different dynamic response behavior, because it has no
inertia. The previous experiments are carried out under an assumption — the grid emulator per-
forms as an ideal voltage source. When the load is changing, it supplies the sufficient power
with a stiff frequency and a voltage transient. In other words, it is a stiff frequency weak voltage
grid emulator. In this situation, as there is no power and frequency droop control, therefore there
is no need to have inertia emulation. However, when the grid emulator is supposed to reproduce
weak frequency grid behavior, a droop controller with virtual inertia becomes necessary. In the
following, a method based on the publication [67] in 2015 is presented and served as a possible
further improvement of the proposed grid emulator.

The grid voltage forming controller stays the same as the previously presented multi-loop PI
controller. The key of this task is an additional power regulated frequency controller which is
determined by the famous virtual swing function shown below.

dw*
dt

M =P —P—DWw" —wp) (6.5)
By solving this equation in the Laplace domain, one can get the expression of the w* controller
as:
P—-F
Ms+ D

M is the desired virtual inertia of the emulated weak grid. F; is the scheduled output power
in the original steady state, and P is the actual output power of the grid emulator when a load
step occurs. wy is the nominal frequency which is S0Hz, and w* is the new reference frequency
of the grid emulator. D is the damping power coefficient which is determined by the primary
frequency regulation characteristic expressed by the equation below.

*

W =Wy

(6.6)

P—P AP
Aw=w"—wyg=— DOZ_D (6.7)

It establishes a droop relationship between the frequency and output power of the grid emula-
tor. Moreover, for a practical implementation, the amplitude of the frequency deviation can be
limited by saturation limits shown in Figure 6.24.

Af

» AP

A fonin | AP:M;C

Figure 6.24: Primary frquency regulation charateristic.
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As we know, the secondary frequency control can restore the system frequency to nominal
value. It is also good to have this good characteristic on the grid emulator. According to [67],

this could be realized by a slow-response integral zg term to balance the new scheduled power
to the actual power:

Py=P*+ AP (6.8)

where P* is the previous scheduled output power. Equations 6.6 and 6.8 are schematically
illustrated in the overall control scheme in Figure 6.25.

P Primary Freq. Regulation
& Virtual Inertia

*
1 fw 11 ¢
MsiD Tt s
Ks < Q;
S —
Secondary Freq. Regulation
w* ) )
Vi Ve v,
O | L
vda'__,  Multi-loop PI controller dq v
Cs to p—>""
jda or LQR controller | abe Ve
mv Vd, >
'dq —_—> nv

Yload

Figure 6.25: Frequency regulation and virtual inertia control of the grid emulator.

6.5.2.2 Short circuit fault emulation

The proposed grid emulator can generate voltage trip faults for the EUT. During this event, the
voltage source inverter is controlled to generate a zero voltage vector for the EUT. However, in
this case, no current can flow in the circuit, and the EUT can only work in a stop mode. For
the short circuit emulation, it not only requires a 0 voltage, but also has to create the actual
fault current. The previous topology is not capable of emulating this behavior, and it is really
a challenge and new focus. In 2015, according to [68], a short circuit emulation method which
uses a shunt connected voltage source inverter was published. The basic idea is explained in the
following.

Power Grid Viaute
Emulator |

/T
-1 K:} Vin

Aative Front  Fault Emulator
End

EUT

l Ifault

Figure 6.26: Shunt connected short circuit fault emulator.
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The basic principle of the short circuit emulation is a ground impedance control of the fault
position. The shunt voltage source inverter is controlled to generate the fault voltage as if the
shunt ground impedance were connected [68]. By adopting this idea, a modification of the pro-
posed grid emulator is shown in Figure 6.26. This fault emulator is able to generate single-line-
to-ground, double-line-to-ground, line-to-line and three-phase fault. The single-line-to-ground
fault emulation is presented here, and the others have the same principle but with different
current and impedance conditions. The constraint equation is:

‘/f:ult = Ztault * Ltaure (6.9)

where g, is the sensed phase to ground fault current, Zg,, is the emulated grounding impe-
dance, and the V{7, is the reference voltage of the fault emulator. The block diagram of the
controller is shown in flowing.

*
vaault V;*

nv
Ifault —> Ztault 4-<T > PI

%ault

Figure 6.27: Single line to ground fault emulation controller block diagram [68].

For more information on the other fault emulations, in [68] all scenarios are documented.
The functionality of this method is approved by simulations and experiments under the working
condition with real power grid. Therefore, it is reasonable to believe it will work with the
proposed grid emulator.

6.5.2.3 DC-current suppression strategy

The proposed grid emulator produces the ac power from a dc source, and due to the unba-
lanced modulation, non ideal current sensing etc. it injects excessive amount of DC current
into the EUT which is very troublesome. This DC current can distort the magnetization of the
transformer, and lead to saturation of all the magnetic components in the EUT. Moreover, it
also causes the corrosion of the underground equipment and malfunction of protective equip-
ment [69]. Therefore, the suppression of the DC current is very critical for the functionality of
the grid emulator with DC-sensitive EUT.

The simplest elimination method is by connecting a line frequency transformer which is de-
signed to have an ability of withstanding a certain level DC current. However, the line frequency
transformer is very bulky, expensive and inefficient from the energy point of view. Another
method blocks the DC current by using a capacitor series connected between the grid emulator
and EUT, but it not only requires extra cost, but also produces unnecessary losses. In [70], an al-
gorithm which replaces the real capacitor by a virtual capacitor in the controller is presented, but
the performance of closed-loop controller of the grid emulator is strongly affected [71]. After
investigating several recent publications, a possible modification of the proposed grid emulator
based on the method in [72] is presented in Figure 6.28.

Two differential amplifiers with low offset and noise but high CMRR (common-mode re-
fection ratio) are used to sample the line-to-line voltage at the output terminals of the inverter.
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Figure 6.28: DC injection control scheme diagram [68].

Then the DC-components are extracted by the low pass filter, and are regulated to its reference
value ’0’ by the PI controller. After frame transformation, these DC suppression voltage refe-
rences are superimposed on the control signals of the emulator voltage controller. In [72], this
method is used for a grid-connected voltage source inverter with an L filter, and its functionality
is approved both by simulation and experimental results. For the proposed grid emulator based
on a voltage source inverter with LC output filter, this method is also believed to be a good
strategy after a minor modification.
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CHAPTER 7

Summary and future work

7.1 Summary

In this dissertation, a new high power rating and high dynamic response power electronics
system based on the concept of inverter cumulation has been investigated. This high per-
formance system extends the physical limitation of current topologies based on single type
market-available power electronics devices. Thus, it serves as an effective means of PHiL sys-
tems which have higher requirements for its power convention system. As mentioned in Chapter
1, the core idea of the inverter cumulation is that by magnetically coupling different and identi-
cal inverters, the final cumulation system accumulates the power and dynamics characteristics
from various subunits. The two magnetically coupling methods (magnetic-parallel coupling of
identical IGBT inverters and magnetic-series coupling of IGBT and MOSFET inverters) have
demonstrated their superior characteristics as the power convention units of two different PHiLs
(virtual machine and grid emulator).

The first attempt at the PHiL virtual machine showed success of the parallel coupling inverter
modulated by the ’sequential switching” concept. The cumulation concept increases the system
overall modulation frequency while keeping the switching frequency of each device within
its physical limitation. The virtual machine is controlled to generate the calculated back-emf
voltage according to a reverse machine model. From the EUT point of view, virtual machine
behaves like a real machine. The two key issues of the virtual machine are: coupling inductor
for the sequential switching of the freewheeling diodes and the reverse model of the induction
motor.

This work mainly focuses on the second cumulation topology. One high power IGBT inver-
ter is magnetically coupled with another high switching MOSFET inverter. The two inverters
operate with totally different characteristics (power, DC-link voltage, switching frequency, fun-
damental voltage and frequency). Because of the different power rating of the two inverters, it
is very critical to ensure the safe operating condition of the smaller power rating sides. The ori-
ginal topology neglected the effect of the high amplitude switching components from the IGBT
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inverter, which caused a fatal problem for the MOSFET inverter as a result of its rectifying and
recharging working mode. After the first unsuccessful attempt, the author realized that the swit-
ching components at the output terminal of the IGBT inverter have to be filtered out. The next
key issue of the project is the low pass output filter design and its control. As mentioned before,
there are mainly three types of filters: L, LC and LCL filter. Due to the limited filtering effect
of the first order L-filter, LC and LCL filters are the two reasonable choices of most industrial
applications.

The output of the LC filter is the capacitor voltage, on the other side, the inductor current
serves as the output variable of the LCL filter. Choosing a type of filter is determined by the
desired output signal. The proposed inverter system is supposed to emulate the behavior of the
power grid, therefore the voltage signals generation is the main task. In this case, it performs
like a programmable voltage source, thus an LC filter is the right choice. On the other hand,
LCL filter is suitable for the system working as a current source.

A later chapter explains the output voltage control of the inverter with an output LC filter.
Three different strategies including the conventional synchronous-frame PI controller, recent
popular stationary-frame resonant controller and the state space feedback controller are inves-
tigated and implemented. The prototype of the proposed inverter cumulation system was built.
By emulating not only the normal operation, but also the typical fault of the power grid, it
demonstrates its high performance as a PHiLL grid emulator.

7.2 Outlook

One prospective future work is to investigate new cumulation topologies by going beyond the
current coupling method and different inverter topologies. Recently, more and more researchers
are focusing on the multilevel inverter in the medium voltage range. There are three main kinds

Si Module

\ SiC Module 0

n

Figure 7.1: New inverter cumulation topology.

of multilevel topologies — neutral point clamped (NPC), flying capacitors (FCs) and cascaded



7.2. OUTLOOK 111

H-bridge (CHB). Among these converter topologies, CHB converters can easily reach higher
voltage levels and larger power ratings by standard mature technology components because of
its series connection structure of several single phase converters. Unlike the conventional CHB
converters, cascading identical single phase inverters with equal dc-link voltage, the hybrid
asymmetrical CHB converters combine various different topologies of inverters with unequal
DC source voltages. By doing this, the converter can combine the advantages of different
topologies, and achieve higher voltage levels with less circuit and control.

The proposed new cumulation topology investigates the possibility of the cascaded coupling
of different inverters. Each phase of the system is composed of one Si-based 5-level NPC H-
bridge (HV cell) and one SiC-based 3-level H-bridge (LV cell). A 15-level phase output voltage
waveform will be synthesized by configuring the dc-bus voltages of the two cells in the ratio of
6:1. The recent fast developed SiC switches are considered as ideal candidates for fast switching
applications. However due to the complexity of manufacturing, the cost of the SiC-based power
devices is still high. The proposed hybrid topology replaces only the low voltage and fast
switching cells by using SiC power switches, which increases the performance of the whole
system with a reasonable price at same time. The project aims at investigating the realization of
hybrid converter systems and implementation of their advanced control methodologies.
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APPENDIX A

List of symbols and abbreviations

A.1 List of symbols

General remark:
The following convention was used for variables:

Scalars are italic letters: x
Vectors are bold lower case letters: x
Matrices are bold upper case letters: X
References are marked with a star superscript:  x*

Used symbols:

In the following the most important symbols are listed which are used within this work.

General symbols:

State vector

Input vector

Output vector

State matrix

Input matrix
Output matrix
Feedthrough matrix
Time (continuous)
Time (discrete, current sample)
Time derivation
Sampling time

HEeT T QR RS &8
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General electrical variables:
a, b, ¢ Phases

a, 3 Equivalent two-phase coordinates
Voltage

Current

Resistor

Capacitor

Inductor

QR e

symbols used in the chapter 3
Use DC-link voltage
L,, Main inductance of coupling inductor
L, Leakage inductance of coupling inductor
&, Main flux of coupling inductor
¢, Leakage flux of coupling inductor
Ty Normalized stator resistance
r,  Normalized rotor resistance
ls Normalized stator inductance
l, Normalized rotor inductance
[, Normalized magnetizing inductance
ks  Stator magnetic coupling factor [,/
k.  Stator magnetic coupling factor /I,
o Total leakage coefficient 1 — kk,
1,  Normalized rotor flux linkage
us  Normalized stator voltage
u; Normalized induced voltage
w  Normalized angular velocity of the rotor
T Normalized time
7, Normalized rotor time constant [,./7,
T,  Normalized mechanical time constant
T;,  Load torque
T.  Electromagnetic torque

symbols used in the chapter 4 and 5
Cy  Filter capacitor
Ly  Filter inductor
Ve,  Voltage of filter capacitor
ic,  Current of filter capacitor
iy Inverter output current
l1oaq load current
Vinw  Inverter output voltage
k, Proportional gain of PI controller
k; Integration gain of PI controller
w Fundamental angular frequency
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Wres
Wn
We
£
%

tset
YrMm

Resonant frequency
Undamped natural frequency
Cut-off or cross frequency
Damping ration

Maximum overshoot

Setting time

Phase margin

A.2 List of abbreviations

AC
AD
CPLD
CPU
DA
DC
DSP
FPGA
FS
HDL
HiL
IGBT
LCD
LQR
MOSFET
PHIiL
PWM
RAM
RMS
RTAI
SI
SRF
SVM
THD
UPS
VHDL

Alternating Current

Analog to Digital (converter)
Complex Programmable Logic Device
Central Processing Unit

Digital to Analog (converter)

Direct Current

Digital Signal Processor

Field Programmable Gate Array
Finite-Set

Hardware Description Language
Hardware-in-the-Loop

Insulated Gate Bipolar Transistor
Liquid Crystal Display
Linear-quadratic regulator
Metall-Oxid-Halbleiter-Feldeffekttransistor
Power Hardware-in-the-Loop

Pulse Width Modulation

Random Access Memory

Root Mean Square

Real-Time Application Interface
International System of Units
Synchronous Rotating Frame

Space Vector Modulation

Total Harmonic Distortion
Uninterruptible Power Supply

Very High Speed Integrated Circuit Hardware Description Language
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APPENDIX B

Test bench data

B.1 Magnetic components design

B.1.1 Coupling inductor

Table B.1: Parameter of Coupling Inductor

Core EPCOS PM114/93
Ferrite N27

L,, (mH) 1.2

Air gap 6 (mm) 2

Inc (A) 20

Iac (A) 5

Ik (A) 20

B.1.2 litz wire parameter

Table B.2: Parameter of litz wire

IGBT inverter side
MOSFET inverter side

No.of strands
0.2mm * 120
0.2mm * 200

external diameter
3mm
3.94mm

Cross section
3.77mm?

6.28mm?
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B.1.3 Inductor of LC filter

Table B.3: Parameter of LC filter inductors
Filter inductor Inductance | ;. | Turns | Air gap Core

MOSFET inverter || 0.25mH | 20A | 20 1.2mm | EPCOS PM74/59

B.1.4 Picture of the coupling inductor

S——

(a) Picture of the coupling inductor (b) Air gap precise adjustment by
winding on the bobbin. the insulated paper.

(c) Final three phase coupling inductor.

Figure B.1: Block diagrm of the current controller.
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B.2 Picture of driver and measurement boards

S

(b) Three-channel AC and one-channel DC
voltage measurement board.

'-""Eli"-gjn‘

. s # .
] =
' lg1rpel'ormance

IGBT driver

Ve oo oo oo

: lower ! Upper'
switch _ switch,

(c) Closed loop transfer function of the current loop

Figure B.2: Block diagrm of the current controller.
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B.3 Main wiring diagram of switching test bench cabinet

L1

Wire
MCN325 1,5mm2
Not Aus -/-+
F1

’ ‘14 ’ ‘14
Power On - S % Control En  E- - }X{

13 B1 B1

K21 ‘Dl \ [D| |K22
A2 A2
Power Off F-—- N Control Off  E-—
F2 F3
A1l A1l A1l A1 A1 L
Wox] [we] [ver] ez M fia] (2
A7 A2| AZ] AZ] A2
N N

(a) Four-channel AC current measurement board.

L3
A1-A2 |

MCN325 15-18 .

‘ K21 EW

MCN325

=l =

50V
Source

[t

Load Bank

(b) Three-channel AC and one-channel DC voltage measurement board.

Figure B.3: Block diagrm of the current controller.
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List of publications

C.1 Journal papers

G. Si, J. Cordier and R. M. Kennel, “Extending the Power Capability With Dynamic Per-
formance of a Power-Hardware-in-the-Loop Application — Power Grid Emulator Using

Inverter Cumulation”, Industry Applications, IEEE Transactions on, vol. 52, no. 4, pp.
3193-3202, July-Aug. 2016.

G. Si, J. Cordier and R. M. Kennel, “Hardware-in-the-Loop Emulation of Electrical Dri-
ves Using Standard Voltage Source Inverters”, EPE Journal, Vol. 24, No.4, pp. 28-37,
2014.

C.2 Conference papers

G. Si and R. Kennel, “ Switch Mode Converter Based High Performance Power-
Hardware-in-the-Loop Grid Emulator”, 2nd IEEE Southern Power Electronics Confe-
rence (SPEC 2016), Auckland, New Zealand, 2016.

G. Si, Z. Shen, Z. Zhang and R. Kennel, “Investigation of the Limiting Factors of the Dead
Time Minimization in a H-bridge IGBT Inverter”, 2nd IEEE Southern Power Electronics
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G. Si and R. Kennel, “Comparative study of PI controller and quadratic optimal regulator
applied for a converter based PHiL grid emulator”, 2016 IEEE 8th International Power
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