Chapter 3

Control of Grid Connected Converter
(GCC) Under Grid Voltage Disturbances

Marek Jasinski, Grzegorz Wrona and Szymon Piasecki

Abstract In this chapter operation of a reliable control method of a Grid Con-
nected Converter (GCC) under grid voltage disturbances is presented. As a GCC
authors understand power electronic AC-DC converter with AC side filter and DC-
link capacitor operating as an interface between the electrical grid and Active
Loads (AL). At the beginning short introduction to selected grid voltage distur-
bances is given. Afterwards, the chosen modeling approach of a GCC is discussed
and the example of passive components calculation are provided. In the next
sections a brief review of a basic GCC control methods is described. A control
method: Direct Power Control with Space Vector Modulation (DPC-SVM) is
chosen for further development process. For the basic scheme of DPC-SVM
special control modules for voltage dips and higher harmonics compensation are
presented. Due to the development of new control modules and its integration with
the classical DPC-SVM a new reliable (robust to selected grid voltage disturbances
such as dips, higher harmonics) control method is proposed: Robust Direct Power
Control with Space Vector Modulation (RDPC-SVM). The term “robust” in the
name of proposed control refers to the fact that the RDPC-SVM method is
expected to operate in an uncertain environment with respect to the system
dynamics. This new control method can assure sinusoidal like and balanced AC
current in extremely distorted grid voltage. Based on the case study from series
5-400 kVA of Voltage Source Converters (VSCs) it was verified that the control
dynamic and features of the RDPC-SVM fulfill requirements of sinusoidal and
balanced currents under uncertain grid voltage distortions. Moreover, the quality
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of current and power is significantly improved in comparison to classical methods.
Hence, the negative impact of the GCC on the grid voltage (through its inner
impendence) is significantly reduced i.e.: lower Total Harmonics Distortion (THD)
factor of a grid current, control of active and reactive power flow assure good
quality of integration with a grid even in case of increased impedance within
operation limits.

1 Grid Voltage Disturbances: Introduction

In this chapter, based on particular example, is presented how to design and control
the Grid Connected Converter (GCC) under distorted grid voltage conditions to
keep the currents always as close to sinusoidal shape as possible (low THD) and
balanced. GCC is defined as grid friendly, modern power electronic converter
operating as an interface between the grid and distributed sources. It gives also
possibility of energy saving because provides inverting mode useful in renewable
energy application and in case of Adjustable Speed Drives (ASD) regenerative
braking with energy saving capability [1]. Due to, systematical cost reduction of
the semiconductor devices and digital control platforms, GCCs are serially pro-
duced from range of few kVA up to MVA.

There are a lot of different aspects related with power quality (especially with
grid voltage disturbances), it is impossible to address all of them in one short
chapter. In this section only short introduction to the problem of the grid voltage
disturbances is given. Therefore, for more information the best source of knowl-
edge related to power quality issues are standards, recommendations [2—18], and
excellent references like Bollen, Strzelecki, Hanzelka [2, 19].

There are several regulations (standards, scientific papers, and recommenda-
tions) with information about power quality, reliability and allowed voltage dis-
turbances that have to be taken into account while power electronics GCC is going
to be connected to the utility grid.

One of them is SEMI F47-0706 standard completely rewritten in 2006. This
standard is devoted to semiconductors industry. It takes into account power quality
aspects, especially voltage sags (dips) [2—19]. The main aim of the document is to
give information about voltage dips immunity of a device needed in semiconductor
processing, metrology, and automated test equipment. There are some requirements
and recommendation according to immunity of the device in case of using it under
voltage dips in semiconductor mass production process. It helps to make a trade of
decision between voltage dips immunity and higher costs of power electronics
devices. The SEMI F47 is related to another standards: a IEC 61000-4-11 [11],
related to dips phenomena. This is convenient because helps to meet both standards
under one similar assumptions and grid voltage dips electronics devices immunity
tests. However, it should be noted that the IEC 61000 (EN 61000) (developed by
national experts) standards are unceasing updated and changed. There is also
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CENELEC EN 50160 [5] standard which has been also updated very often during
recent 10 years. At this point, some IEEE recommendations, practices and
requirements i.e. IEEE 519-1992 or IEEE 1159 (developed by volunteers) has to be
mentioned [3, 4]. These recommendations should also be taken into account in the
development process of a GCC features. Moreover, there are also several local
regulations of a grid operators so called “grid codes”. These grid codes usually are
very precise and more strict than standards as in case of Wales, Germany, Denmark
[17, 20]. In a grid code detailed information about integration with local power
system can be found.

Taking into account dynamic changes of the power quality requirements and
development of power electronics devices it is worth to focus on control methods
of power electronic converters and its reliability in case of grid voltage dips, higher
harmonics etc. In the literature can be found a relations between disturbance levels
[19]: immunity level, emission level, compatibility level, planning level, design
level versus probability density function of equipment performance degradation.
For novel, environment friendly power electronics devices requirements according
to power layer and control layer should be systematically updated to fulfill stan-
dards and reduce a negative influence on supply network. It would be convenient
to think about GCC hardware like about power electronics building block (PEBB)
that is unified and ready for programming of different sophisticated functionalities.
The software (control methods) should be designed in modular way, allows to
update and add new needed/expected by customer functionalities (e.g. grid voltage
dips compensations module, higher harmonics compensation module or standalone
operation mode module etc.).

There are two main groups of grid voltage disturbances: dips and higher har-
monics. The terminology of grid voltage disturbances in literature is not unified,
therefore some clarification is needed. In North America market the term sags is
understanding as:

e voltage sag depth—the value in percent of nominal voltage remaining during the
sag,
e and voltage sag duration—measured in cycles or in seconds.

In case of European EN 60160 voltage dip is:

e a temporary reduction of the one RMS voltage at a Point of Common Coupling
(PCC) below specified start threshold (equals to 90 % of the reference voltage),

e voltage dip duration—is a time between the instant at which the one RMS
voltage in the PCC falls below the start threshold value and the instant at which
the one voltage rises the end threshold (time is from 10 ms up to including
1 min),

e voltage dip residual voltage—is a minimum value of the one RMS voltage
occurred during a voltage dip (expressed as a percentage of the reference
voltage) [5].



94 M. Jasinski et al.

Harmonics distortion is defined by a Total Harmonic Distortion (THD) factor.
The THD can be also calculated in deferent ways:

e in North America up to 50th higher harmonic,
e in Europe up to 40th higher harmonics.

Both mentioned groups of grid voltage distortions are described below.

1.1 Grid Voltage Dips

Generally, dips are temporary reduction in one, two or three phases of the RMS
voltage. During dips a phase shift between each phases can also be changed. Dips
can be caused by intentional changing of a power system configuration or by
unpredicted short circuits. Dips can occur symmetrically (voltages in each phases
are equal—Fig. 1c) and asymmetrically (as presented in Fig. 1a, b).

As it was mentioned in the introduction that dips (sags) can be described in
different manner like in IEEE recommendations (493-1998, 1159-1995, 1346-
1998): 70 % dip from 230 V means that voltage falls to the value equals to
230 V x 0.7 = 161 V. Hence, there is a possibility to make a mistake easily,
because 70 % dip can be understand that voltage RMS value falls to 30 % of
nominal RMS value. To avoid confusion in the literature reader can find a rec-
ommendation that when the dip is described it is better to write: “dip to 70 % of
nominal voltage” [2—4]. Fortunately, in IEC standards this problem was solved by
dip definition as an actual percentage voltage falls in respect to nominal RMS
voltage value [5].

To summarize, in this chapter dip will be described as RMS voltage value
reduction between 90 and 1 % of declared RMS voltage value. After a short period
of time (from 10 ms up to including 1 min) the RMS voltage value returns to
declared RMS voltage value [5]. In Fig. la different types of voltage dips are
presented.

Dip is quite similar to short circuit, however the voltage drop is higher than 1 %
of declared value. According to the EN 50160 standard dips can be classified as
[5]:

short (below few second) and weak (<60 %),
short (below few second) and deep (=60 %),
long (more than few second) and weak (<60 %),
long (more than few second) and deep (=60 %).

It has to be stressed that change in grid voltage RMS value can cause a number
of problems in control of grid connected converters e.g. DC-link voltage oscilla-
tions, distortion of the phase currents (like unbalance), active and reactive powers
oscillations [21].
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Fig. 1 Different voltage dips: a single-phase, b two-phase, ¢ three-phase

1.2 Grid Voltage Harmonics

Higher harmonics are components which frequencies are being multiple of the
fundamental frequency. Therefore, in Europe (50 Hz grid frequency) second
harmonic frequency equals to 100 Hz, etc. Voltage harmonics are produced by
nonlinear loads like: diode rectifiers, traction rectifiers, thyristor-based industrial
drives etc., connected to the PCC. Because of large number of nonlinear loads the
amount of higher harmonics is growing. Harmonics can cause a serious problems
or even damage of electrical or electronics devices.

Several different definitions of higher harmonics distortion can be found in the
literature. According to the EN 50160 standard higher harmonics are measured
under normal operation conditions, during each period of week, 95 % of the
10 min mean RMS values of each individual harmonic voltage shall be less or
equal to the values given in Tables 1 and 2. Note that harmonics higher than
h = 25 is difficult to predict because it mainly depends on resonances. The THD
factor of the grid voltage for considered voltage level (taking into account all
harmonics up to 40) shall be less or equal to 8 % [5] or to 4 % [17] (taking into
account all harmonics up to 50). Other recommended limit of the voltage distur-
bances given by IEEE 519-1992 is 5 % for the THD and below 3 % for each
individual frequency. In this case the limit for individual harmonics is determined
by number of loads at PCC (e.g. 10) and grid nominal voltage level (e.g. <69 kV).

Moreover, according to IEEE 519-1992 and EN 50160 the THD factor can be
calculated as:

40

THDgeg = n2 YGn) (1)

It has to be remembered that computers and associated equipment such as
programmable controllers frequently require AC sources that have voltage har-
monics distortion lower than the 5 % of the THD, with the largest single harmonic
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Table 1 Odd voltage harmonics in different standards and grid codes [4, 5, 17]

Odd harmonics

Not multiples of 3 Any h of Multiples of 3
- - harmonics, - -
Order h Relative Amplitude, Uh (%) Uh (%) Order h Relative Amplitude, Uh (%)
EN50160 Wales IEEE519-1992 EN50160 Wales
5 6 3 <3 3 5 3
5 3 <3 9 1.5 1.5
11 3.5 2 <3 15 0.5 0.3
13 3 2 <3 21 0.5 0.2
17 2 1.6 <3
19 1.5 1.2 <3
23 1.5 1.2 <3
25 1.5 0.7 <3
> 25 na 0.2 + 0.525h) <3

Table 2 Even voltage harmonics in different standards and grid codes [4, 5, 17]

Even harmonics

Not multiples of 3

Order h Relative Amplitude, Uh (%)
EN50160 Wales IEEE519-1992

2 2 1.5 <3

4 1 1 <3

6...24 0.5 na <3

6 0.5

8 0.4

10 0.4

12 0.2

> 12 0.2

being lower than 3 % of the fundamental component. Higher levels of harmonics
result in erratic, malfunctions of the equipment that can, in some cases, have
serious consequences (e.g. costly brakes in mass production process) [22]. Also,
instruments can be affected similarly. Perhaps the most serious malfunctions are in
medical instruments. Consequently, many medical instruments are provided with
special power electronics devices (line-conditioners). Here is a wide application
field, mainly for AC-DC-AC converters, operating as uninterruptible power sup-
plies systems.

Therefore, a lot of methods for elimination of harmonics distortion in the power
system are developed and implemented [19, 23]. Moreover, several blackouts in
recent years (USA and Canada (New York, Detroit, Toronto) in 08.2003, Russia
(Moscow) in 05.2005, USA (Los Angeles) 09.2005) and in 2008, Poland (Szczecin
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Fig. 2 Selected higher harmonics compensation method

area), shows that the power quality and reliability improvement are serious and
important problems.
Methods of harmonics reduction can be divided into two main groups (Fig. 2):

e passive and active filters—harmonics reduction of the already installed non-
linear loads,
e multi-pulse rectifiers and GCC—power-grid friendly converters (with limited

THD index) [21].

Because the grid friendly GCC and its control methods are a scope of this
chapter here it will described harmonics reduction method realized by the GCC.
After modification an active filtering function can be introduced into a GCC
control structure [24-28]. Moreover, the GCC can compensate current of a non-
linear load connected in parallel to the PCC.

It should be stressed that in real power system a voltage is usually distorted by
higher harmonics as shown in Fig. 3. This distortion has a negative impact on the
grid current formed by a power electronics converter.

2 Modeling and Basic Control Methods of Grid Connected
Converter

In this section mathematical modeling of the GCC is described. As can be seen
from literature precise mathematical modeling of the controlled object is very
important in control process [29-44]. Here we will focused on VSC modeling
operating as a GCC. This description is significantly shortened but more detailed
information can be found in [45-48].
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Fig. 3 Distorted grid voltage by 5th harmonic and grid current for applied control method:
a without higher harmonics compensation, b with higher harmonics compensation feature
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2.1 Space Vector Description Used in Modeling of a Voltage
Source Converter

Considered, symmetric three-phase system is described by phase quantities in
natural coordinate system, such as voltages, currents and fluxes or Virtual Fluxes
(VF) [45, 48]. Due to Space Vector (SV) representation this system can be
expressed by one SV of voltage and current respectively [49, 50]. In Fig. 4 the SV
graphical representation is given.
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ef %
3
where 2/3 is normalization factor, 1,a = —1/2 + j\/g/z,a2 = —1/2 — j\/§/2 are

complex unity vectors, with phase shift, k4 (), kg(¢), kc(¢) denote phase quantities
in a system of natural coordinates satisfying the condition:

ka(t) + kg(t) + kc(r) =0 (3)

An advantage of SV is possibility of their representation in various coordinates.
Therefore, space vectors are very flexible and comfortable tool to describe a three-
phase objects.

K 2 (ky (1) + aks (1) + a’ke(r)) (2)

2.2 Voltage Source Converter (VSC): Basic Constrains

Let consider a 2-level VSC as presented in Fig. 5. Main circuit of the three-phase
bridge converter consists of three legs with two controllable power-electronics
devices (e.g. Insulated Gate Bipolar Transistors (IGBT), Metal-Oxide Semicon-
ductor Field-Effect Transistor (MOSFET), and other transistors based on Silicon
Carbide (SiC)). Under consideration in this chapter the IGBT will be selected.
When transistor is in conducting mode the gate signal is “1” and when transistor is
in blocking mode the gate signal is “0”.

This circuit can be treated as a PEBB which may be adopted to any personal
(custom) needs compatible with assumption presented in this chapter. Pre-imple-
mented classical control method may be simple extended by additional modules to
meet evolving power quality standards [51, 52].

The converter AC voltage can be obtained by eight possible switching states as
shown in Fig. 6. For simplicity of the converter structure, each VSC leg is rep-
resented by an ideal switch. Six switching states construct active vectors and two
switching states are related with zero vectors states. The converter AC voltage can
be represented as a complex SV as follows (Fig. 7):

2 .
Qc(n)ngdcel("_lm/j, n=1,...,6 (4)
U =0, n=0,7 (5)

Active states correspond to phase voltage equal ]/3 and 2/3 of the DC voltage
Upc. Zero vectors apply zero voltage to the converter AC side (all AC side phases
are connected to “+” (1, 1, 1) or “—" (0, 0, 0) DC bar). Hereafter, please consider
the case that a VSC is connected to the grid and operates as a GCC. As it was
mentioned the GCC can be described in different coordinate system by SV
equations. Basic scheme of the GCC with small AC passive filter (usually LCL or
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in simpliest solution L) and output DC filter C is presented in Fig. 8a, while
Fig. 8b shows its single phase representation. Where U,;—grid voltage SV, I,—
AC current SV, U-—GCC AC terminals voltage SV, and U; = U, -+ U,,—a SV
of voltage drop on the AC filter (L or LCL). In case of LCL U;—a SV of voltage
drop on the converter side inductance L¢, U;;—a SV of voltage drop on the grid
side inductance Ls, R—equivalent resistance of the input filter inductances.

The converter voltage U, is controllable and depends on switching states and
DC voltage level. Through magnitude and phase control of the converter voltage
U, the line current can be controlled by changing the voltage drop on the input
filter inductance U;. Therefore, inductances between grid and AC terminals of the
GCC are mandatory and important. They create a current source and provide boost
feature of the GCC. Through controlling the converter AC voltage U, the phase
and amplitude of the grid current vector L; is controlled indirectly.

Hence, in Fig. 9 phasor diagrams of GCC are shown in both inverting and
rectifying operation. From this figure can be seen that the magnitude of converter
voltage U, is higher during inverting than in rectifying mode. With assumption of
a stiff grid (i.e., Uy is an ideal voltage source without internal impedance) terminal
voltage of GCC U, can be higher up to 3 % between rectifying and inverting
operation [53, 54].
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Fig. 9 Phasors diagrams of the GCC: a, b non-unity power factor in rectifying operation; c,
d unity power factor operation in inverting operation

2.3 Operation Limits of the Grid Converter

From Fig. 9 it can be concluded that for the GCC load current a limit exist with
assumption of constant AC grid and DC voltages. The value of AC filter induc-
tance has to be taken into account in this consideration. Below that limit, the GCC
is not able to operate and maintain a unity power factor requirement. Low value of
the filter inductance and higher voltage reserve (a difference between the AC RMS
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voltage and the DC voltage) can increase that limit. The consideration has to be
started from the lowest limit of the DC voltage level:

Upc > V3V2Ugrus (6)

(Example: if Ugrys = 230V — Upc = 2.45 x 230V = 564V)

This limitation is introduced by freewheeling diodes in the GCC which operate
as an ordinary diode rectifier. This limitation is rather theoretical value. In the
literature exists other limitation [45, 48, 53, 54] which takes into account the AC
power (value of the AC current) of the GCC.

For simplicity it can be assumed at this stage that I; = L;5 + L5 if Iop = O for
first harmonic of the grid current. Moreover, consider that referenced value of the
grid current differ from actual grid current by Al; and its equals to difference
between referenced and actual value of the grid current:

AIG = IGref - IG (7)

Direction and velocity of the grid current SV changes are described by deriv-

ative of that grid current Lle/dt' It can be represented in synchronous dgq coor-
dinates as follows:

dl,

L_
dt

+ R(Lg,p — Alg) = Ug — UpcS + joL (L, — Alg) (8)

Assuming resistance of the input inductances R = 0 and actual grid current is
very close to referenced one (Al; ~ 0), Eq. (8) can be rewritten:

dl,
dt

According to Eq. (9) the direction and velocity of the actual grid current SV
changes depends on: L—values of filter inductance, U;—grid voltage SV, L, ,—
grid current reference SV, Upc—value of the DC voltage level, S—switching
signals of the GCC.

Let us consider that six active vectors (Ug,(;..6)) Of the GCC rotate clockwise

L = QG — UDCS +ijLIGref (9)

in synchronous dg coordinates. For each voltage vector (Uc,(..7)) the current
derivatives multiplied by L are denoted as (PQCW-((,J)) [53, 54]. Graphical
illustration of Eq. (9) is shown in Fig. 10.

Referenced current I, is in phase with line voltage vector Ug; and it lies on
the axis d. The difference between actual current I; and referenced L, is defined
by Eq. (7). Based on the above equations the boundary condition can be given:

V3 .
|UpcS| = 7|ﬂc| = |Ug +jocLLg,, (10)
Assuming that: U; = Ugmar, IG,ef = Igmaxres and Ug = %UDC the following

expression can be derived:
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Fig. 10 Graphical U cref1 U crefs
illustration of Eq. (9)— N
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g Cref0,7

2
%5 Upc = \/U%}max + (wGLIGma)cref)2 (11)

Rearranging the equation for minimum DC voltage is obtained:

UDCmm = \/3 Gmax + 3 U)GLIGmaxref) (12)

Example: Ugnax = 23072V, wg = 1007124 rad ,L = 0.01 H, IGmaxer = 10 Asthan
UDCmm > 566V

Based on this relation the maximum value of the filter inductance can be
derived:

3 U2C U(ZEmdx
Linay = Va7Tpe  Toma (13)
wGIGmaxrqf
Example:
Utmax = 325V, 06 = 100229 16,00 = 10 A, Upcnin = 566 V, than
L. =0.01H

2.4 Design of LCL Filter

The AC side of grid connected converters has to be installed with L or LCL filters
(Fig. 11). The purpose of the AC filter is to reduce higher harmonics distortion
caused by switching process of a power electronics devices. The filtration
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Fig. 11 A LCL filter scheme (L~—converter side inductance, C—filter capacitance, R—
resonance damping resistor, Ls—grid inductance, PCC—Point of Common Coupling)

capability of LCL filters are significantly higher than simple L filter. Therefore, the
previous one are more popular in practice. LCL filters allows to reduce volume of
the filter and assures more effective higher harmonics current filtration in respect to
L filter. The proper calculation of LCL filter parameters are important to obtain
stable operation of the GCC. There are several methods to obtain these parameters
[46, 55, 56], all of them have to take into account: maximal reduction of higher
harmonics caused by switching process with minimum filter volume and reactive
power consumption.

For the propose of presented control method the selection of LCL filter
parameters can be done according to following steps [56]:

1. Define base values

Base impedance, capacitance and inductance:

Uy Zg 1
Zp=-"L  Lg=", Cz= 14
B PN ) B N ) B C()NZB ( )
where wy = wg = 2150—nominal converter pulsation, Uy = U, , = 230v/3—

nominal phase to phase converter voltage. Nominal RMS converter phase current
can be calculated as:

Py
V3Uy

2. Converter side inductance L. calculation

The maximum ripple current qxiprer can be selected between 10 and 25 % of
nominal phase current Iy. Let assume that I,,,4iprer = 0.23. Than maximum con-
verter side ripple current can be calculated as:

Imaxrip = \/Elmaxriprejf X ]N (16>

According to this the converter side inductance can be derived from:
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Lc> e
6fsw I, maxrip

where, f, is a switching frequency. From the other hand Eq. (13) has to be
fulfilled.

(17)

3. Filter capacitance Cr calculation

As a next step the AC filter capacitance Cr evaluation is needed. The filter
capacitance should be less than 5 % of the base capacitance Cp. Therefore, after
assumption that per unit capacitance is 4 % i.e. Cr.s = 0.04Cp the filter capaci-
tance can be derived from:

1 P P
Cr = CrrefCp = Chref ——= = Chyef — 5 = 0.04 — 18
F = CongCo = Crg 7 = Cong U2 (18)
4. Grid side inductance Lg calculation
The grid side AC filter inductance can be derived from:
LG = raLc (19)
where, r, is a ratio between grid and converter side inductances.
The r, factor can be calculated as:
1 — HA
Fa = (20)
HA(l - LCprgw)

where, HA is the harmonics attenuation of the phase currents for the switching

frequency components (HA = %) In this work HA = 0.08 has been chosen.

66 (hsw
5. Resonance phenomenon verification

To avoid unexpected and unwonted resonances from grid or converter fre-
quencies active or passive damping should be provided [57, 58]. In case of passive
damping a resistance Rr should not be too high because its increase losses of the
filter and has strong impact on the efficiency of the GCC. The resonant frequency

calculated from:
1 [Lg+Lc
Jres = 5=\ |+ (21)
2n LGLCCF

should meets following border conditions:

10fG Sfres S % (22)

where, f; is a grid first harmonic frequency i.e. 50 Hz in Europe.
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Table 3 Example of LCL filter calculation for power series (5400 kVA), Upc =700V,
fow = 5 kH, Ugms = 230 V
Py (kW) Lc (mH) Cr (UF) Lg (mH) C (mH) In (A) Inc (A)

5 9.9 3.98 297 0.25 7.22 7.14

15 33 11.9 0.99 0.74 21.65 21.43
55 0.9 43.7 0.27 2.73 79.71 78.57
150 0.33 119.4 0.099 7.45 216.5 214.3
250 0.198 199 0.059 12.39 360.8 357.1
400 0.124 318.3 0.037 19.8 577.3 571.4

In Table 3 some LCL filter calculation examples for power series (5-400 kVA)
are presented. If the control of the GCC has a module of a grid impedance esti-
mator the grid impedance can be taken into account in calculation process, what
allows to select filter parameters with higher accuracy [59].

2.5 Choosing of DC Capacitor Parameters

Another step of the GCC design is a DC capacitor parameters selection. The most
important parameters of the DC-link capacitor are: rated voltage, leakage current,
allowed ripple current and as a results life time. The main factors that have to be
taken into account in case of capacitor selection are listed below.

1. DC voltage rated value

The voltage ratio of the DC capacitor is a main parameter that has to be
carefully chosen. A stable and predictable DC voltage value should be assured by
applied control in the GCC. Relationship between the leakage current and the
voltage applied under constant temperature conditions shown in Fig. 12. It can be
seen that stability of the DC voltage at desired level is very important for a
capacitor life time. In Fig. 12 Ug,, (rated voltage) is the DC-link voltage value for
which the capacitor has been designed; Ugs, (surge voltage) is the maximum
voltage which can be applied to the capacitor for short periods of time, i.e. up to
five times for 1 min per hour.

The standard IEC 60384-4 specifies the above voltages as follows: for
Uger <315V — Us, = 1.15Ug,, and for Ug,, > 315V — Uy, = 1.1Ug,, and higher
Ur forming voltage. When the DC voltage is equals to forming voltage Up, the
forming process starts. Here large amounts of gas and heat are appear. The DC
capacitor is designed to surge voltages Ug, for short periods only. High over-
anodization (high difference between rated voltage and forming voltage) offers the
possibility of producing especially reliable capacitors designed as long-life grade
“LL” capacitors in accordance with IEC 60384-1 [60, 61].
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Fig. 12 Current-voltage Ara]
characteristic of an aluminum e Aluminum (Al
(Al) electrolytic capacitor «: electrolytic capacitor
[60, 61] <=
Upc!l Vl
0 URet USu UF

2. Consideration of ripple current

The term ripple current is used for the RMS value of the AC current that flows
through the device as a result of any pulsating or ripple voltage. In Fig. 13 ripple
current waveforms for different cases in DC of the GCC connected with AL by DC-
link (AC-DC-AC converter) are shown: (a) classical old-fashion AC-DC-AC con-
verter with diode rectifier, (b) AC-DC-AC converter with GCC without information
about power consumed by AL (without Active Power Feed-Forward (APFF) which
will be discussed further in this chapter), (¢) AC-DC-AC converter with GCC with
energy flow dynamic improvement between GCC and AL (with APFF).

The maximal permissible ripple in DC current value depends on the ambient
temperature, the surface area of the capacitor (i.e. heat dissipation area), the dis-
sipation factor (or Equivalent Series Resistance (ESR)) and on the AC frequency.

Thermal stress has a strong impact on the capacitor’s life. Therefore, the dis-
sipation heat generated by the ripple current is an important factor affecting the
useful life. Thermal considerations imply that, under certain circumstances, it may
be necessary to select a capacitor with a higher voltage or capacitance rating then
would be required. The ripple current is a function of the switching frequency. The
term useful life or—service life, operational life, or life time is defined as the life
achieved by the capacitor without exceeding a specified failure rate. This time can
be extended by operating the capacitor at loads below the rating value, lower
voltage, current, or temperature and by appropriate cooling system [48, 60].

The ripple in the DC voltage is a function of the ripple current in the DC-link.
The capacitor current I¢pc is difference between the current Ipc (DC current of the
GCC) and I pap (DC current of a load) as shown in Eq. (23).

A minimum occurs when the DC currents Ipc and I;psp pulses from the both
converters overlap (Fig. 14b, c). It can occurs when the pulses are centered on the
same time instant. To obtain this conditions a modulation with symmetric zero
vector placement can be implemented [62, 63]. PWM pulses are always centered
on the half period of the switching state. Fig. 14 shows simulated DC voltage and
DC currents Ipc, I1oap, and capacitors current Icpc, Icroap over sampling period.
It should be noticed that there are a lot of modulation techniques and the problem
of modulation and its impact on the controlled system performance (switching
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Fig. 13 Ripple current in DC-link capacitors. a Classical AC-DC-AC converter with diode
rectifier, b AC-DC-AC converter with GCC without information about energy flow at AL
converter side (without APFF), ¢ AC-DC-AC converter with GCC, with information about
energy flow at AL side in active power control loop (with APFF). DC-link capacitor C = 470 pF,
S, = 5 kVA. From the fop capacitor currents, DC voltages and zoom of them

losses, current or voltage shapes, and noise level etc.) are presented in many
valuable publications [62—71] and will not be discussed in this chapter.
Summarizing when DC capacitor is under selection all mentioned points has to
be determine: the DC voltage rated value, switching frequencies (both AC-DC
converters in AC-DC-AC back-to-back converter), topology of an AC-DC con-
verter, and if appropriate, dynamics and accuracy of applied control methods [48,
72]. In novel, environment friendly solution a diode rectifier in AC-DC-AC con-
verters should be avoided because of: single direction energy flow, higher DC
voltage fluctuation and ripples (Fig. 13). Therefore, in this chapter only GCC will
be described. Its controllability provides more degree of freedom in DC voltage
regulation process. The control dynamic and accuracy is higher than in the case of a
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Fig. 14 Simulated ripple in DC currents. a Classical AC-DC-AC converter with diode rectifier,
b AC-DC-AC converter with GCC without information about energy flow at AL converter side
(without APFF), ¢ AC-DC-AC converter with GCC, with information about energy flow at AL
converter side (with APFF); C = 470 pF, S, = 5 kVA. From the fop period of sampling, DC
voltage and its potentials (positive and negative), capacitors current, DC currents Ipc, I1oap

diode grid side rectifier as shown in Fig. 13b, c. Please take a look also at the
waveforms in Fig. 14 over one sampling period during operation just after load step
(from O to 85 %). It can clearly be seen that the highest current flows from the DC
capacitor in the case presented in Fig. 14a. The average value is negative. It means
the energy is transferred from the capacitor to the load. In Fig. 14b the capacitor
current is significantly reduced. Finally further reduction of the current Icpc is
observed in Fig. 14c, here information about the energy at a load side is taken into
account in control of the GCC (see APFF description further in this chapter).

3. Calculation of DC capacitance value

Beside variety design criteria [72—74] of the DC-link capacitor, the minimum
capacitance value is designed to limit the DC ripple voltage at a specified level,
typically AUpcyip is 1 or 2 % of Upc. Therefore, peak-to-peak ripple voltage in
DC-link is adopted as the design criterion for the DC capacitance determination.

With assumption of a balanced tree-phase grid and neglecting the power losses
in the power switches, the GCC’s DC part can be derived:
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dUpc

c

Proap

C——=1Ipc —Ioap &= ZILkSk —
=

(23)

dt Upc

For given allowable peak ripple voltage and switching frequency, the minimum
capacitor for the GCC converter can be calculated as [26]:

\/z + V3ULL
Ubc (24)
2\/§A UDCripfvw UL*L

where Uy is a line-to-line voltage, P4 0ap—maximal load power, AUpcyip—
specified peak-to-peak ripple voltage in DC voltage under steady states operation.
This capacitance can be calculated based on different equations. An alternative
approach of the DC capacitance determination, takes into account energy
exchange between capacitance and load:

Chinicc = PmaxLoap

AWpce = TyrAPumastoan (25)

where Tyr is a sum of small time constant. From this equation the maximum DC
voltage fluctuation under maximal load power step is proportional to energy
variation:

AWpe

AUmaXDC - 5
UpcCrinae

(26)
where AU,.xpc denotes maximum DC voltage fluctuation under maximal load
step, Crinngc—minimal DC capacitance. Transforming Eq. (25), the capacitance
can be calculated [48]:

CminZGC - M (27)
UDCAUmaxDC
Please take into your consideration that C,,;,g¢ capacitance value is lower than
Cimce- The one among other reason is that in Tyr time constant not only sam-
pling (equals to switching frequency) is taken into account but also DC voltage
filter measurement time delay. It depends on developer which formula will be
taken within the process of capacitor sizing. For more details see also [48, 72].

2.6 Modeling of a Grid Connected Converter

There are several publication about modeling of the GCC mentioned above.
However, for a reader convenience one of them in stationary «ff coordinates is
presented below. It is useful for description of a vector control method further in
this chapter. So, the GCC can be presented as:
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Fig. 15 Model of a three-
phase GCC in stationary off
coordinates
Use
AC side related with AC filter:
dl
Ld;tc + RI; = U; — UpcS (28)
and, DC side related with DC filter:
du, 3 B
C dfc =3 RellgS"] — LLoa (29)
After decomposition into & and f§ components:
dLg,
L df‘ + Rlgy = Iy — UpcS, (30)
dL
L# + Rlgs = Iop — UpcSp (31)
du, 3
D€ — 2 (1648, + I65Sp) — Troan (32)
dt 2
where,
s{s 1(s+s+s>}51(5 S¢) (33)
o 4 =304 B c) (198 73 B c)

The graphical representation of Eqs. (30)—(33) are presented in Fig. 15.

The model in Fig. 15 is simple and give a sufficient basic for further consid-
eration. Presented in this chapter RDPC-SVM control method of the GCC uses this
model for calculations of system variables in algorithm.

2.7 Selected Control Methods for Grid Converter

Under control methods authors mean a way of currents regulation based on sensor
or sensor-less operation of the considered GCC system.
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Fig. 16 Classification of a GCC control methods

With above knowledge the control methods can be classified as is presented in
Fig. 16. The simplest scalar control method is based on current regulation in three-
phase system (AC waveforms) [75, 76]. However, the unceasing development in
the DSP platforms give better possibilities for implementation of more and more
demanding control methods like model predictive control [77, 78], or additional
sophisticated control modules devote to ride-through different problems in power
system i.e. voltage distortion e.g. dips, and higher harmonics etc. [51, 52, 79-89].

Similar to ASD, the vector control of the GCC is a general control philosophy
that can be implemented in many different ways. The most popular method, known
as Voltage Oriented Control (VOC) [21, 45, 57, 58, 79, 80] gives high dynamic
and static performances via internal current control loops. In the VOC the GCC
equations are transformed from stationary to rotating synchronously with the grid
voltage coordinates. To improve the robustness of VOC scheme a Virtual Flux
(VF) concept was introduced by Duarte, Malinowski [45]. However, from the
theoretical point of view, other types of mathematical coordinates transformations
can be defined to achieve decoupling and linearization of the GCC equations. This
has originated the methods known as nonlinear control. Jung and Lee proposed a
nonlinear transformation of GCC state variables so that, in the new coordinates,
the DC voltage and grid current are decoupled by feedback; this method is called
also Feedback Linearization Control (FLC). Moreover, a Passivity Based Control
(PBC), was also investigated in respect to the GCC [90-94].

In the 1990s have been expanded the idea of Direct Torque Control (DTC) for
the GCC called Direct Power Control (DPC) [95-98]. From that time it has been
continuously improved [45, 93]. However, these control principles are very similar
to DTC schemes and have the same drawbacks. Therefore, to overcome that
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disadvantages a Space Vector Modulator (SVM) [99] was introduced into DPC
structure giving new DPC-SVM control scheme [100]. In recent years a novel
Predictive Control (PrC) methods has been also implemented in GCC. Moreover,
to increase reliability (ride-through) of control and finally total immunity of power
electronics equipment in case of power systems disturbances a special function for
classical, basic control methods can be implemented [51, 85].

2.8 Basic Control Methods

Many interesting control methods are proposed in the literature (see above). How-
ever, in this chapter we will focus on DPC-SVM investigated by research group of
Kazmierkowski [32]. In this method instead of hysteresis controllers the classical PI
controllers was used and the switching table was replaced by SVM. This
improvement assures constant switching frequency and join the advantage of VOC
(modulator i.e. low switching frequency is needed) and DPC (active and reactive
power closed control loops) in one control scheme. Hence, it is quite comfortable for
DSP implementation (for industry) [101]. The DPC-SVM has a simple structure,
low number of coordinates transformation and assure good steady states and
dynamic properties. The block diagram is presented in Fig. 17. It has to be stressed
that in case of distorted grid voltage the DPC-SVM with Phase Lock Loop (PLL)
cannot guarantee sinusoidal shape and balanced AC grid phase currents.

The DPC-SVM control algorithm consist of: active and reactive instantaneous
power estimator, two inner powers control loops and one outer DC voltage control
loop. Estimated powers are compared with referenced values, the differences
(errors) are delivered to the PI controllers. Reference value of the reactive power is
set by user, while reference value of the active power is calculated based on
measured DC voltage of the converter and its reference value set by user. Output
signals from powers PI controllers determine GCC referenced voltage in dg
coordinates. After transformation to stationary o coordinates signals are given to
SVM input. The output SVM signals determinates current states of the transistors.
There is a possibility to control both active and reactive powers independently
(reactive power compensation realized by the GCC). In fact there are a little cou-
pling between each other however it can be omitted in further consideration [48].
Reactive power can vary according to grid demand for reactive power while active
power is varying according to DC voltage output PI controller signal. The instan-
taneous power estimator can be constructed in stationary off coordinates as follows:

P= (UGocIGa + UG/)’IG/}) (34)

0 = (Usudop — Ucples) (35)

where Ug,, Ugg, I4, Igp are components of the grid voltage and the grid current in
stationary off coordinates.
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Important part of the control method is a PLL block (Fig. 18). In the PLL
measured grid voltage components in stationary af; coordinates are transformed to
synchronously rotating dg coordinates. Then, PI controller is minimizing of the ¢
axis component which is responsible for the grid voltage SV angle. This angle is
used for coordinates transformation in DPC-SVM control structure.

2.9 Voltage Dips Compensation Module

Hereafter, it is assumed that reader knows the GCC converter with basic control
structure like DPC-SVM. Now, it is possible to implement a special functionalities
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Fig. 19 Block scheme of a ST TS S mm I mm I m I IO m I,
Second Order Generalized
Integrator (SOGI) [85]

realized by additional control modules dedicated specially for standards and
requirements needs. This sophisticated functions can be longer and more com-
plicated than main algorithm itself. But let us focus only on selected, mature
methods. The function should be simple in implementation and work in any
operation conditions [85].

Voltage dips can appear in power systems quite often because e.g. of short
circuits or intentionally on/off process of heavy loads. Usually sudden voltage
changes can disturb operation of a power electronics converters control. In this
case a converter can produce unsymmetrical and non-sinusoidal current. More-
over, in a DC voltage significant 100 Hz fluctuation can appears.

Additional control module designed for dips compensation provides symmet-
rical currents processed by the GCC in each phases for any kind of dips. The dips
compensation module split unsymmetrical voltage into positive and negative
sequence voltage components. In this case the negative voltage component is a
main source of information about appearing voltage distortion. Separated voltage
components can be used in DPC-SVM control structure with following rules and
modifications:

e Implementation of the additional module of the AC voltage components
extraction.

e New power estimator based on positive voltage components and actual AC grid
current.

e DC voltage band-stop filter (notch filter) to eliminate fluctuation caused by
negative voltage component.

e Grid voltage negative component feed-forward to referenced the SVM’s input
signals.

According to a definition, each asymmetry in three phase system can be rep-
resented by sum of a voltage components: positive, negative and zero sequence
signals. By analogy it is possible to describe the three-phase system in stationary
off coordinates by two components: positive (rotating with grid frequency) and
negative (rotating with grid frequency but in opposite direction), e.g. (36):

Ui = U, @ + Ug,e (36)

where Ug,, Ug,—complex value of positive and negative voltage components
respectively.
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The extraction and separation process of these components is realized by
Second Order Generalized Integrator (SOGI) [85]. The SOGI block scheme is
presented in Fig. 19. The SOGI transmittances D(s) and Q(s) are described by

Egs. (37) and (38):
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Fig. 22 Voltage Dips Compensator (VDC) module implemented in basic DPC-SVM vector
control method

U, kwgs
D(s) =5 (s) = —— T —— 37
(s) Us, (s) 82 + kogs + % (37)
qU’G“ kwé
= = 38
00 = G0 = o o (38)

The frequency characteristic of the SOGI are show in Fig. 20. As can be seen
the D(s) transmittance operates as a low-pass filter, while Q(s) transmittance
provides a 90° phase shift for filtered Uy, signal.

Hence, output signals of the SOGI are: filtered input signal of grid voltage
component and its 90° shifted equivalent. Using the SOGI for both Ug,, Ug,
components in off coordinates system it is possible to extract positive and negative
components of these voltages. The graphical representation of this solution is
presented in Fig. 21.

Such Voltage Dips Compensator (VDC) module can be implemented in the
basic vector control structure as presented in Fig. 22.

2.10 Higher Harmonics Compensation Module

Increasing number of nonlinear loads connected to the power system induce
several problems mainly related with higher harmonics distortion. Undesired
harmonics cause higher losses and devastation of electrical equipment connected
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to the power system. Moreover, higher harmonics can destroy power system
devices e.g. transformers. Higher harmonics issues are related with both, voltage
and current. Nonlinear loads (e.g. diode rectifiers) introduce to the grid hardly
distorted current which can causes grid voltage distortion related to transmission
line and grid impedances. All loads which are not properly secured and prepared
for operation under distorted voltage conditions can work faultily or be damaged
amplifying the distortion. Figure 23 presents sample power system operating with
distorted voltage. The GCC which is the scope of this chapter operates as an
interface between the grid and distributed active load (e.g. renewable energy
sources, adjustable speed drives, and electric vehicles etc.). The modern power
electronic converter should work correctly with distorted line voltage, not causing
amplification of distortion, not disturbing operation of other devices and if it is
possible be able to compensate harmonic distortion by rectifying/inverting sinu-
soidal current from/to the grid. To achieve this functionalities it is necessary to
extend control algorithm by additional harmonics compensation control module
described below.

Presented harmonics compensation algorithm operates based on extraction of
higher harmonics from measured grid current. The extracted signal is gained and
finally added to referenced voltage at the input of the SVM. Block scheme of
control algorithm with additional function—current Higher Harmonic Compen-
sation (HHC) module is presented in Fig. 24.

Grid voltage distorted by higher harmonics can be described as follows:

Ug = Uiel’ + Use ™™ + Uz +

. U(sk;ne”((’kﬁ)’ (39)

where, y = ogt; k =1, 2, ...
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Fig. 24 Block scheme of the control method with Higher Harmonic currents Compensation
(HHC) module

The most significant and frequently occur harmonics in the grid are: 250, 350,
550 and 650 Hz. There is simple relation between harmonics order and their
rotating direction:

e positive harmonics, rotating in the same direction as fundamental one and can be
expressed as: 3k + 1 (1, 4, 7, 10...),

e negative harmonics, rotating in the opposite direction to the fundamental and
can be expressed as: 3k + 2 (2, 5, 8, 11...),

e zero harmonics, with no phase shift between themselves can be expressed as:
3k +3@3,6,9, 12...).

The idea of harmonics description rotating in positive and negative direction
can be seen in the SV diagram (Fig. 25a) or harmonics spectrum in different
coordinates (Fig. 25b) (stationary off coordinates and dg coordinates rotating
synchronously with grid voltage fundamental component vector (i.e. with fre-
quency 50 or 60 Hz)).

Higher harmonics extraction from measured signal can be realized by the GCC
control as follows:

e In synchronous coordinates—measured values of the currents are transformed
into rotating coordinates system dq [82]. As a reference signal (angle) multi-
plication of the fundamental harmonic phase angle is used. Respectively for Sth
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harmonic multiplication by 5 of the fundamental phase angle, 7th is multipli-
cation by seven, etc. After transformation each harmonics are represented by DC
components. It gives possibility for extraction constant signal (voltage) which
level gives information about each harmonics contend in measured current. To
avoid distortion and oscillations in measured signal proper filters should be
used. Compensation signal with opposite sign and tuned gain is given as an
additional element (HHC block) to the reference values for the SVM.

o Filtration in stationary off coordinates with a Resonant Controllers (RC). The
RCs are used as a high-band tuned band-pass filters applied in closed control
loops [83]. Transfer function of an ideal band-pass filter is as follows:

s

Un(s) = K; o) (40)
where K; is a gain of the filter, w is a resonant frequency and % is an order of the
harmonics.

Bode diagram of an ideal resonant filter expressed by Eq. (40) for different gain
values (Ki) are presented in Fig. 26a.

The resonant frequency is set to 250 Hz. For ideal band-pass filter the gain is
infinity. Because of very narrow pass-band the frequency characteristic of the filter
has to be exactly matched to frequency of the compensated harmonics. Any dif-
ference between measured and assumed frequency can cause improper operation
and even lost stability of the control algorithm. To avoid this disadvantage
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different filter gains: K1y = 0.01, K2, = 1, Kjus) = 100; b non-ideal RC with different filter
gains (Ki) and pass-band width (w.): K; Kiow1y) = Kiowzy = Kiews) = 1, Kjway) = 10) and o,
((/)C(Wl) = 01, We(w2) = l, We(w3) = 10, We(wa) = 1)

structure of non-ideal band-pass filter should be used. The transfer function of non-
ideal resonant band-pass filter is as follows:

WeS

Win(s) =K ———<
i () 2+ wos + (ho)?

(41)
where K; is a gain of the controller, o, defines width of the pass-band and slope
steepness of the filter, 4 is an order of the harmonic.

Bode diagram of the non-ideal resonant filter for different gain values (Ki) are
shown in Fig. 26b.

It can be observed that extending the pass-band results in reduction of the filter
slope steepness what gives worse selectivity of the filter. It is the reason why the
balance between filter accuracy and width of the pass-band need to be kept.

To separate particular harmonics in stationary «ff coordinates system a single
filter tuned for each frequency is required. But taking into consideration fact that
rotating directions are easy to observe and harmonics are symmetrical in terms of
rotating coordinates dg it is possible to extract two harmonics using only one RC,
what is shown in Fig. 25b. It can be noticed that for control algorithm both 5th and
7th harmonics are observed as 300 Hz frequency harmonic.

Block diagrams of both presented harmonics compensation methods are pre-
sented in Fig. 27.
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a Synchronous Coordinates, b Resonant Controllers (RES)

2.11 Active Power Feed-Forward (APFF) Module

The GCC connected to the power system should operates as an universal interface
between the grid and different electrical devices (Fig. 23), providing high
dynamics and stability of the control algorithm independently from the type of
connected device. To achieve this functionality another control module: Active
Power Feed-Forward (APFF) is introduced.

The APFF which gives information about the active power flow between the
GCC and the grid can be applied as an additional module to the main control
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Fig. 28 Block diagram of the GCC system with the Active Power Feed-Forward (APFF) control
module based on instantaneous values of DC voltage and current

algorithm of the GCC. To get an information about instantaneous value of the
active power exchanged between the converter system and the grid, without need
of implementation additional current and voltage sensors following method is
proposed. Estimated active power is product of instantaneous DC voltage and
current, as is shown in Eq. (42).

Pgc = Upc X Ipc (42)

Block diagram of the GCC system with additional Active Power Feed-Forward
control module is presented in Fig. 28

To achieve stable operation of the control algorithm with the APFF control
module some additional filters on the measured DC current are needed. Figure 29
shows selected voltages and currents waveforms in the grid converter system
interconnecting AL (e.g. consisted of an ASD) within transient responds to step
changes of the machine load torque without (Fig. 29a) and with APFF (Fig. 29b)
control module. It can be observed that implementation of the proposed APFF
allows for significant reduction of the DC voltage fluctuations during load
transients.

2.12 Impact of Grid Impedance

In this subsection impact of an increased grid impedance on a GCC with LCL filter
is presented. Figure 30 shows block scheme of the considered system with addi-
tional high value of the grid impedance Lgg.
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Fig. 29 Influence of Active Power Feed-Forward (APFF) applied in the GCC system
interconnecting AL (e.g. ASD). System operates: a without APFF; b with APFF. From the rop
APFF—estimated active power (kW); Up~—DC voltage (V); Ipc—DC current (A); M;—
machine load torque (Nm); Ig;, Is», Is3—machine stator currents (A); Uga, Ugp Ugc—grid
voltage (V); Iga, Igp, Igc—grid currents (A)

2.13 Rectifying Operation of the Grid Connected Converter

Behavior of the system during rectifying operation of the GCC has been verified.
A borderline values of the grid impedance for rectifying operation of the GCC
have been found for different nominal powers of the system and collected in
Table 4. Figure 31 presents voltages and currents of the system while the grid
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Fig. 30 Block diagram of GCC and LCL filter system with additional high grid impedance Lgsg

Table 4 Parameters of the LCL filter for selected power ranges of the system during rectifier
operation with DC load (DC LOAD)

GCC rated power (kW) Lc (mH) Cr (UF) Ls (mH) Lygs (mH) DC LOAD (Q)

5 9.9 3.98 297 60 147
15 33 11.9 0.99 20 49

55 0.9 43.7 0.27 4 13.36
400 0.124 318.3 0.037 0.125 1.84

Estimated borderline values of grid impedance for stable operation of the system (Lysgs)

impedance (Lggs) is increasing. As it can be seen above the maximal value of the
grid impedance (Lygs) system loses its control stability.

2.14 Inverting Operation of the Grid Connected Converter

Behavior of the system during inverting operation of the GCC has been also tested.
A borderline values of grid impedance under inverting operation have been found
for selected power ranges of the system and collected in Table 5. In Fig. 32
voltages and currents of GCC system are presented while grid impedance (Lgs) is
increasing. As it can be notice again after exceed maximum value of the grid
impedance (Ly;s) system lose stability. Obtained value of the grid impedance is
higher than in case of rectifying operation. Moreover it should be noticed that DC
voltage is suddenly increasing while in case of rectifying operation the DC voltage
is decreasing or is more unstable (Fig. 31d).

Based on presented simulation and experimental study following conclusion
can be formulated: before connecting GCC to the electrical network to provide
efficient and stable operation of the system a grid impedance should be known. It
can be estimated by GCC itself by use of additional grid impedance estimation
module. For further information please refer to [51, 52, 59, 87].
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Fig. 31 Grid voltage and current waveforms during rectifying operation of the GCC with
increasing grid impedance (Lgs). For different nominal power values of the GCC: a 5 kW;
b 15 kW; ¢ 55 kW; d 400 kW. From the fop grid impedance (mH, uH), Ug, grid voltage in phase
A (V), Iga grid current in phase A (A), P estimated active power (kW), Upc DC voltage of the
GCC (V)

Table S Parameters of the LCL filter for selected power ranges of the system during inverting
operation with DC current source Ipc

GCC rated power (kW) Lc (mH) Cr (uUF) Ls (mH) Lygs (mH) Ipc (A)

5 9.9 3.98 297 70 53
15 33 11.9 0.99 22 15
55 0.9 437 0.27 55 70
400 0.124 318.3 0.037 0.3 550

Estimated borderline values of grid impedance for stable operation of the system Lygs
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Fig. 32 Grid voltage and current waveforms during rectifier operation of the GCC with
increasing grid impedance (LGS). For different nominal power values of the GCC: a 5 kW,
b 15 kW, ¢ 55 kW, d 400 kW. From the top LGS grid impedance (mH, pH), UGA grid voltage in
one phase (V), converter current in one phase (A), estimated active power (kW), DC voltage of
the GCC (V)

2.15 Reliable Control Method to Grid Voltage Disturbances

As it has been mentioned all presented control modules can be integrated in final
control method of the GCC operating in distributed energy system. Thanks to
additional modules developed control method is reliable in respect to grid voltage
dips and higher harmonics. Hereafter, this new control algorithm can be presented
as Robust Direct Power Control with Space Vector Modulation (RDPC-SVM).
The term “robust” in the name of proposed control refers to the fact that the
RDPC-SVM method is expected to operate in an uncertain environment with
respect to the system dynamic. In the literature it can be found that:
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Fig. 33 Block diagram of developed Robust Direct Power Control Space with Space Vector
Modulation (RDPC-SVM) applied for control the GCC in an AC-DC-AC system interconnecting
energy sources

There are several ways in which systems can be uncertain, and in this course we will
target the main three: (1) The initial conditions of a system may not be accurately
specified or completely known; (2) Systems experience disturbances from their environ-
ment, and system commands are typically not known a priori. (3) Uncertainty in the
accuracy of a system model itself is a central source. Any dynamical model of a system
will neglect some physical phenomena, and this means that any analytical control
approach based solely on this model will neglect some regimes of operation [102].
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Fig. 34 Operation of the 55 kW the GCC with the RDPC-SVM under different operation modes.
The GCC operation mode change: a from rectifying to no-load operation and to inverting mode;
b zoomed step change from rectifying to no-load operation; ¢ zoomed step change from no-load
to inverting operation. From the fop Ip~——DC-link current (A); Upc—DC-link voltage (V);
Uca v, Uss nv, Ugc mv—voltage on the high side of the grid transformer (V); Uga, Ugs
Ugc—voltage on the low side of the transformer (V); Iga, Igs Igc—phase grid currents (A)

In our case all three mentioned points can be somehow found in the real power
system and the GCC operation. Therefore, the reliable RDPC-SVM control
algorithm is consisted of following control modules:

e Direct Power Control with Space Vector Modulation (DPC-SVM) for control
converter currents and DC voltage of the GCC, with Active and Reactive Power
Estimators.

e Grid angle synchronization using Phase Locked Loop (PLL) for grid angle
estimation.

e Voltage Dips Compensation (VDC).

— Voltage positive and negative component extraction using Dual Second Order
Generalize Integrator (DSOGI). Negative Component Voltage Feed-Forward.
— 100 Hz DC voltage notch filter.
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e Active Power Feed-Forward control using active power estimation based on
instantaneous values of DC voltage and current.
e Higher Harmonic Compensation (HHC) (based on Resonant Controllers).

The block diagram of the presented RDPC-SVM control method applied to the
GCC in an AC-DC-AC interconnecting energy sources is shown in Fig. 33. Fur-
ther, some selected simulation results showing operation of the RDPC-SVM
control algorithm are presented. To achieve operation conditions like in a typical
power system the model of 3-phase 15 kV/400 V grid transformer has been used
with parameters based on producers datasheet [103].

As it can be seen in Fig. 34 the GCC operates properly during different oper-
ation modes. Applied additional control modules have no negative impact on
dynamic of the control system.

Figure 35 presents operation of the GCC with RDPC-SVM scheme supplied by
distorted grid voltage (high order harmonics and voltage dips). It can be observed
that due to additional control modules the grid currents are controlled to be
sinusoidal like and symmetrical in spite of grid voltage disturbances. Good results
are obtained in steady and in transient states.

Finally Fig. 36 shows operation of the GCC with RDPC-SVM supplied by
significantly distorted voltage (high order harmonics and voltage dips).

3 Experimental Test Bench

In this subsection the behavior of discussed system and control method is pre-
sented under experimental conditions, similar to these which can appear in the real
power system. To verify proper operation of described control method an exper-
imental test bench has been developed for selected power of the GCC (3, 5, 15,
55 kW). Laboratory setup is composed of the GCC (scope of interest) and another
DC-AC (treat as a PEBB). To reflect operation in real power system following
configuration of the test bench has been proposed:

e The AC-DC-AC system interconecting two different AC voltage sources—
scheme of the system is presented in Fig. 37. This configuration allows to model
connection of two different power systems (e.g. with different frequencies or
voltage levels) with bidirectional energy flow. The GCC has been controlled by
RDPC-SVM control algorithm.

e The AC-DC-AC system operates in closed loop of power circuit—scheme of the
system 1is presented in Fig. 38. This system configuration allows for bidirec-
tional power flow as well as arranging different operating conditions for the
GCC with AL. It gives also ability for operation of both converters under
nominal power while from the grid only energy covering the system losses are
used. As in previous case in the grid side converter the RDPC-SVM control
method has been implemented and verified by series of experimental tests.
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Fig. 35 Operation of 55 kW the GCC with the RDPC-SVM during transients with grid voltage
disturbances. The GCC operation mode step change: a from rectifying, to no-load operation and
to inverting operation, grid voltage distorted by high order harmonics (20 % of 5th and 10 % of
7th harmonics); b from rectifying to no-load operation and to inverting operation, grid voltage
distorted by 60 % dip in phase A. From the fop Ip—DC-link current (A); Up—DC-link voltage
(V); Uga_nv, Uge nv» Ugc my—voltage on the high side of the grid transformer (V); Uga, Ugs,
Ugc—voltage on the low side of the transformer (V); Ia, Igp, Icc—phase grid currents (A)

Figure 39 shows voltages and currents of the GCC with implemented basic
DPC-SVM algorithm. The converter is working under distorted grid voltage (30 %
voltage dip in one phase) condition. As it can be noticed: without dips compen-
sation module the converter currents are unbalanced and non-sinusoidal. The
current the THD factor is around 20 %.

Similar situation is shown in Fig. 40 (50 % voltage dip in one phase) but with
proposed the RDPC-SVM control algorithm. It can be seen that converter currents
are kept sinusoidal and symmetrical. In spite of high grid voltage disturbances, the
current the THD factor is below 1.0 %. This feature of the GCC significantly
reduce the negative impact of power electronics converter on the grid voltage,
especially under distorted voltage and high grid impedance.
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Fig. 36 Operation of 55 kW the GCC with the RDPC-SVM during transients with grid voltage
disturbances: dips and harmonics (40 % dip in one phase, 20 % of 5th and 10 % of 7th
harmonics. The GCC operation mode transients: a from rectifying, to no-load operation and to
inverting operation; b Zoomed rectifying to no-load operation; ¢ Zoomed from no-load to
inverting operation. From the top Ip—DC-link current (A); Up—DC-link voltage (V); Uga_nv,
Ucss_nv, Usc_my—voltage in high side of the grid transformer (V); Uga, Ugp, Ugc—Vvoltage in
the low side of the transformer (V); Iga, Igp, Icc—phase grid currents (A)

4 Summary and Conclusion

Grid Connected AC-DC Converters (GCC) are used for interfacing distributed
energy sources, storages or loads. In recent years there is a strong trend to provide
GCCs which assure bidirectional energy flow with as high power quality as pos-
sible. To obtain such features of the GCC an advanced control methodology is
required. It can be observed an analogy to fast and never ending development of
Adjustable Speed Drives (ASD) control methods since last 50 years. In case of
ASD researcher wants to obtain the best accuracy, efficiency, dynamic, steady
states operation parameters and finally power quality. The list of goals for control
methods are rather open and instead to be shorter is longer every years. A control
of the GCC can be treated as a dual problem to this defined in case of drives in
previous years. Moreover, the important issue in case of the GCC control has to be
taken into account i.e. constantly changing and updating an IEC, IEEE, SEMI, or
“grid codes” standards and regulations.
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Fig. 38 Configuration of the AC-DC-AC system operating in closed loop of power flow. Setup
allows to test the GCC under grid faults with rated power

To fulfill all above mentioned requirements a very flexible software (estimation
and control algorithms) has to be developed, tested and implemented. In this
chapter the idea of the GCC, treated as Power Electronics Building Block (PEBB)
that is unified and ready for programming of different sophisticated functionalities,
is given. Authors tried to show that the software (control methods) should be



3 Control of Grid Connected Converter (GCC) Under Grid Voltage Disturbances

(a)

Tek  Sepped 1456 Mg

P

10 Mar 12 145957

(b)

Te:  Sogped TH268 Ao

Ipc

135

UDC/v

Uca
4

Uss  Usc

y ¥

*
foa,
(@
“3468v 73953 v | 3330v
Uy funa 184.4 3 ]
Vs funa 221.7
U3 funa 2145
-------- Hz 4999
AU 0 0

Woey -117
Wy -247

I \IGC

MO BISSE 1Bt
&b s 3006

THODC 1 3 5 7 9 1 13 15 17
03710412 15:16:30 398U S0H=z30 IT EH50160

L1 L2 L3 |1-HARM
Uad Sy h METER

03710712 15:16:59
ULR
LiL2 L3

398U S0Hz 38 1T

EH50160

\score £

0OHY OFF

Fig. 39 Operation of the GCC with basic DPC-SVM algorithm under distorted grid voltage
conditions (30 % dip in one phase of supplying voltage). a Usg, Upg, Ug—2grid voltage, Up—
DC-link voltage (V); b Iga, Igp, Icc—grid currents, Ip—DC current (A); ¢ grid current
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designed in modularity way allows to update and add new demanded functions
(e.g. dips compensations module, higher harmonics compensation module or
standalone operation mode module, etc.). Based on this assumption a new, reliable
for grid voltage faults condition control method is proposed: a Robust Direct
Power Control with Space Vector Modulation (RDPC-SVM). This control meth-
ods joins years of experiences and ideas developed in the research team of prof.
Kazmierkowski the Institute of Control and Industrial Electronics, Warsaw Uni-
versity of Technology. The RDPC-SVM is based on generic structure of DPC-
SVM extended by implementing several additional control modules assures a new
capabilities. Obtained features are verified and tested by simulations and experi-
mental power system [51].

Summarizing, modules of the RDPC-SVM control algorithm gives ability for:

e higher harmonics compensation,
e stable and proper operation even with higher grid impedance,
e stable and proper operation during voltage dips,
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e decreased negative impact on the grid voltage, hence reduction of flicker phe-
nomenon (e.g. observed as light blinking) is reduced.

The presented control algorithm is promising for growing number of power
electronic converters operating as an interface between the grid and Renewable
Energy Sources (RES) or Active Loads (AL). In the future sustainable AC or DC
grids an asymmetrical higher harmonics can appear even more often than sym-
metrical because the number of single phase loads is higher than three phase loads.
Hence, the compensation of asymmetrical harmonics should be taken into account
in research process for the GCC. This aspect is not described in the chapter,
however, more information can be found in [52]. Moreover, there are many other
problems that should be solved in the nearest future by intelligent PEBB.

Authors would like to stress that problems presented in this chapter are just a
small part in the field of issues related to integration a GCC with the grid.
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The RDPC-SVM control method are going to be used in a TWERD company in
Torun, Poland for grid connected converters [101]. It is believed that due to
continuous development in power electronics, digital signal processing and
intelligent control techniques the newest solution in power electronics will have a
strong impact on power quality and reliability improvements in coming decades.
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