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Abstract

Because of their higher attenuation for switching harmonics with lower weight and size,
LCL filters are widely used to connect the pulse width modulated converters into the utility grid
in order to limit the harmonic contents of the injected grid current to be complied with the grid
codes; i.e. IEEE 519-1992. However, the resonance introduced by the LCL filters represents a
challenge for control system designers.

For the digitally controlled converters, which have an inherent delay due to computations
and sample and hold effect, the stability of single control loop can be maintained only for
resonant frequencies higher than one-sixth of the sampling frequency. However, the stability
violates if the resonant frequency decreases less than this critical value. Such decreasing in the
resonant frequency can occur with the frequent increase in the grid inductance. Damping
techniques have to be adopted to cope with this challenge. Compared to passive damping which
causes power losses, active damping by modifying the control algorithm is more efficient.

Number of active damping methods have been presented in the literature. Capacitor-
current-based active damping method is the simplest method among these methods. However
more number of sensors is needed. This, in turn, increase the overall system cost. Moreover,
excitation of unstable open loop poles is mandatory for resonant frequencies more than one-
sixth of the sampling frequency; this non-minimum phase behavior declines the system
robustness. A differentiation of the capacitor voltage can be used to produce the damping effect;
however, this method causes noise amplification. To reduce the number of sensors, grid-
current-based active damping by using high-pass filter (HPF) can be employed. However, the
co-design steps of this HPF along with the fundamental current regulator are very complicated.

In order to overcome the limitations of the existing active damping methods, some novel
algorithms and analysis are proposed. The thesis consists of five chapters. These chapters can
be summarized as follows:

In chapter one, a theoretical background about LCL filters, resonance problem and
digitally controlled grid-connected converters are introduced. A literature review about the
existing damping techniques along with their limitations are presented as well.

In chapter two, an observer in the control system is employed to estimate the capacitor
current without the need for additional sensors. A systematic design of the observer loop is
presented. The control algorithm is implemented in stationary reference frame to reduce the
overall computation burden on control hardware. The results show that the observer-based
system offers a good damping behavior without the need for additional sensors. This, in turn,

reduces the overall cost.
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In chapter three, a novel active damping method using two feedback loops of the
capacitor voltage and the grid current is proposed. The proposed method is derived in the
continuous time domain with a discussion for its discrete implementation. To show the
superiority of the proposed method, a comparative study is presented. Compared to capacitor-
current-based method, the cost is reduced by omitting the high cost current sensor. Moreover,
the non-minimum phase behavior is avoided over wide range of resonant frequencies.
Compared to capacitor-voltage-based method, the proposed method behaves effectively over
wide range of resonant frequencies without stability violation or the need to a differentiator
which amplifies the noise. Compared to grid-current-based method, straightforward co-design
steps for the active damping loops along with the fundamental current regulator are proposed.
The superiority of the proposed method is verified over wide range of resonant frequencies.

In chapter four, active damping using high-pass filter (HPF) of the grid current is
investigated. A detailed study for the actively damped filter in discrete time domain is
introduced. Limits for the HPF parameters are derived in order to avoid the non-minimum phase
behavior. Based on this investigation, the performance of this method is highly improved where
the ability to avoid the non-minimum phase behavior is extended up to resonant frequencies
about 0.39 of the sampling frequency. In addition, straightforward co-design steps for the HPF
along with the fundamental current regulator are proposed. Numerical example and
experimental work are carried out to confirm the obtained results.

In chapter five, the last chapter in the thesis, both the final summary and the conclusion

outlines for the thesis are introduced. The expected future work is introduced as well.
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Chapter 1:

Introduction

The penetration of renewable energy sources (wind and PV power plants) into the
grid system worldwide is increasing exponentially [1]. A typical structure of such grid-
connected systems is shown in Fig. 1.1 where a power converter is used to transfer the

harvested energy from the renewable energy sources into the utility grid.

Current Current

\
Power \/ \/

Renewable | | Power Filter
Energy Source Inverter

Y Utility
Grid
Control Unit
A
' Measurments

Fig. 1.1 Typical structure of grid-connected renewable energy source

In addition to transfer the generated DC power to the AC grid, the power
converters should be carefully controlled to exhibit advanced and sophisticated
functions such as dynamic control of active and reactive power, voltage ride-through,
reactive current injection during faults, participation in a grid balancing, etc [1]. This
in turn increases the need to more powerful computational device and more distributed
intelligence. These requirements make the application of digital control techniques very
interesting. This is mainly because of the several advantages a digital controller offers

when compared to an analog one; these advantages include [2]:
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v The possibility it offers for implementing sophisticated control laws, taking care
of nonlinearities, parameter variations or construction tolerances by means of self-
analysis and auto-tuning strategies, very difficult or impossible to implement
analogically.

v' The flexibility inherent in any digital controller, which allows the designer to
modify the control strategy, or even to totally reprogram it, without the need for
significant hardware modifications.

v The complete absence of ageing effects or thermal drifts.

1.1 Power Filters

Beside the power converter and the control unit, the power filter is a key
component for grid-connected converters to attenuate the harmonics of the injected grid
current to comply with the standard grid codes; i.e. IEEE 519-1992 [3]. Two types of
filters, L or LCL filters, are mainly used for this purpose as shown in Fig. 1.2. Compared
to L type filters, LCL type filters offer the following advantages [4]-[11]:

1. Attenuation of -60 dB/decade for frequencies in excess of the resonance frequency.
2. Low grid current distortion and reactive power production,

3. Reduced filter size and weight for the same switching frequency.

4. Possibility of using a relatively low switching frequency for a given harmonic

attenuation.

L L L L, 1
—_YY Y Y _.)_fYYY\__rY\gY\_,_
Vi Vy Vi —_ C Vy
Converter Grid Converter Grid
side side side side
@ (b)

Fig. 1.2 Power filter types: (a) L type filter, (b) LCL type filter
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1.2 LCL Filter Resonance

Fig. 1.3(a) shows the block diagram of the LCL filter. The transfer function relating
the modulated converter voltage (v;) to the grid side current (ig) is expressed as Gig(s)
in (1.1) where wres, expressed in (1.2), is the filter resonant frequency. Fig. 1.3(b) plots

a conceptual Bode diagram for Gig(s).

_ig(s) _ 1
Gig (s) = vi(s) LiLgCs(s2+w3es) (1)
Wyes = anres = \j(l‘i + Lg)/(CLiLg) (12)

v (s)
Vi(Sléqlﬁ?_l &l}i 'g(s)

s sC sL,
(a)
Bode Diagram
= :
)
S I
,E 0 :\\___.
§ i \\5&-.__.
90 :
g
A=A
o -180
S
o
Frequency (Hz)
(b)

Fig. 1.3 Characteristics of LCL filter (a) block diagram, (b) Bode plot related the

converter voltage to the grid current
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The resonance of the LCL filter can cause instability of the current control loop
and, in turn, represents a challenge for the controller designer. Moreover, resonance
excitation, due to disturbances from other sources connected to the grid, can cause
failure for other system components.

For digitally controlled converters, the instability effect of the LCL filter resonance
is highly related to the inherent delay of the digital controller due to digital pulse width
modulation process and computational time [12]-[16]. The origin of this delay along
with some concepts related to the digitally controlled converters are explained in the

next section. After that, the resonance damping methods are presented.

1.3 Digitally Controlled Converters

A single phase inverter connected to the grid through an LCL filter with the typical
organization of its digital control system is shown in Fig. 1.4. Typically, the control
system consists of two loops, the outer loop is responsible for regulation the input DC
voltage; this is usually performed with proportional-integral (PI) regulator. The output
of this loop is the reference current waveform to the inner current control loop which is
responsible for regulating the grid current and response to grid disturbances. The outer
loop is usually tuned to have a much lower bandwidth than the inner loop. Therefore,
the two loops can be considered decoupled and independent analysis for each loop can
be performed [16].

Considering the current control loop, the sensed grid current is sampled by an
analog to digital converter (ADC) and the control calculations are performed by the
DSP. The resultant modulation command is fed to digital pulse width modulator
(PWM) where it is compared against a triangular carrier to generate the switch

commands [2].
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It should be noted here that the sampling process is synchronized to occur at the

peak or the valley of the carrier waveform to avoid aliasing effect, [2], [17], [18].

I I |I |_I Ig Lg sensor
Y Y S Y
Voltage S1 S3 + Voltage
Sensor Sensor
e Ly, v ¢ S
S2 S 41 _ 'IC
54 $3 S22 S1 |m
|
- gl
|
| Digital Inner Control Loop ADC |
/ PWM | Grid Current Regulation !
| ¢ g ADC |1
I
|
I
| T :
i Outer Control Loop ADC |
I (Regulating DC bus voltage) O
. DSP i
. |

Fig. 1.4 Single phase grid-connected converter with typical organization of a digital

control system.

1.3.1 Current Regqulator

The current regulator is responsible for regulating the injected grid current, such
that a high quality sinusoidal current is injected into the utility grid. To achieve this
objective, the current controller should be able to reject the disturbance produced by
the utility grid with ensuring a quick recover from transients.

Several current control techniques have been discussed in the literature such as
linear proportional-integral (PI) and proportional-resonant controllers (PR) [16], [19]-
[29], deadbeat controllers [30]-[36], model predictive current controllers [37]-[45],
state feedback controllers [46]-[53], sliding mode controllers [54]-[57], and Hysteresis

controllers [58]-[60].
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Among these techniques, linear PR controllers are widely used as it has the

following advantages [19], [61]:

e |t offers fast dynamic response and zero steady state tracking error for sinusoidal
signals.

e Avoiding the need to convert the system variables into the synchronous reference
frame (dg-frame) and the associated need for a phase-locked loop (PLL). This
significantly reduces the overall computation burden on control hardware and
driving down system cost.

e Better suited for single phase systems, where the dg—transformation is difficult to
apply.

Throughout this thesis, the PR controller is employed. The transfer function for

PR controller is expressed as G¢(s) in (1.3).

KyS
2
S2+wg

G(s) =K, + (1.3)
with w, = 2rf,, where w, and f, are the fundamental grid frequency in rad/sec and Hz,
respectively.

The proportional term (Kp) determines the bandwidth and stability phase margin.
On the other hand, the resonant term (K,.S/(S? + w?2)) acts to eliminate the steady-
state error [28], [61], [62].

The controller parameters are usually tuned so that the resonant term has negligible
effect at the crossover frequency, so the system stability is mainly determined by the
proportional term (Kp) [28], [61], [62].

Either the grid side current (ig) or the inverter side current (i;) can be controlled,;
both techniques are denoted as GCF (grid current feedback) and ICF (inverter current

feedback), respectively. Feeding back the inverter side currents is reasonable if the

current sensors are already built into the converter for protection purpose. In this case,
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the filter phase shift must be compensated in order to set the power factor on the grid
side. On the other hand, feeding back the grid current feedback is reasonable since one
of the main objectives is the control of power factor at the point of the grid connection.
In this case, the line current phase angle can be directly controlled [16]. Throughout

this thesis, the grid current is adopted as the main controlled variable.

1.3.2 Digital Pulse Width Modulator (DPWM)

1.3.2.1 Basic Operation

A single leg inverter, shown in Fig.1.5, is used to explain the basic operation of
DPWM. An equivalent model for the uniformly sampled digital pulse width modulator
is shown in Fig. 1.6. A sinusoidal control signal vm(t), with frequency of w, (=2xfo), is
uniformly sampled with a sampling frequency of fs (= 1/T,, where Ts is the sampling
period).

U (£) = Vin—pear Sin(w,t) (1.4)

The sampled signal is sent to an Zero-Order-Hold circuit (ZOH). The output of the
ZOH, vms(t), is compared with a triangular carrier waveform viri(t). This comparison is
shown in Fig. 1.7.

Both the switches S1 and S2 are operated as follow:

If  Vms(t)>wi(t) then S1isON & S2is OFF
If  Vms()<wi(t) then SlisOFF & S2 is ON

Based on this realization, the output voltage (Vao) is not a perfect sine wave and it

contains voltage components at harmonic frequencies of the carrier frequency [63]. The
frequency of the control signal (fo) identifies the desired fundamental frequency of the
output voltage. On the other hand, the frequency of the carrier waveform (fsw) identifies

the switching frequency.
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Two indices, amplitude modulation index (m) and frequency modulation index

(my), are identified as follow:

m = mpeak (15)
Vtri—peak
— fsw

mf — E (16)

where Vmpeak and Viripeak are the amplitudes of the control signal (vm) and carrier
waveform (vii), respectively.

For large values of my, the averaged output leg voltage (v,4,)1 can be determined
as in (1.7). Actually, this averaged value is equal to the fundamental component of the

output voltage [63].

Vinepeak Ve .
(V40), = bk Vie i (g, t) = m ¥ sin(w, t) (1.7)
Vtri—peak 2 2

The waveforms of both the instantaneous leg voltage (vao) and its fundamental

component (Vao)1 are plotted in Fig. 1.7.

Ve 1+
2 T SN\
Vie 97 A
V +
« == 57

T

Fig. 1.5 One leg inverter

)
v, (t s v (t itchi
a Z_>r: iy

Vtri (5_ g

Fig. 1.6 Equivalent model of uniformly sampled DPWM
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2 0 0.004 0.008 0.012 0.016 0.02
Time (s)

Fig. 1.7 Basic operation of DPWM, upper waveforms explain the ZOH and
comparison process of the uniformly sampled DPWM, and lower waveforms are
the instantaneous output leg voltage (vao) and its fundamental component (Vao)1.

1.3.2.2 Delay in Digitally Controlled Converters

Two sources of delay can be identified as follow:

1. Because of the sample and hold operation, the sampled control signal will be
constant over the whole sampling period. On the average, this effect can be
modelled by a delay of half of the sampling period [2], [64].

2. An additional source of delay is the control algorithm computation delay (the
time required by the processor to compute a new modulation signal value which
is the input of DPWM). This time always represents a significant fraction of the
modulation period. Then, the input to the modulator cannot be computed during
the same modulation period when it has to be applied, it must be computed

during the previous control algorithm iteration [2].
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The above-introduced delays can be modelled in two ways:
1. Indiscrete time domain, Zero-Order-Hold (ZOH) discretization for the plant (LCL
filter) along with a unit step delay (z%) is used to represent the above delays. The
ZOH discrete representation for Gig(s) is expressed as Gig(z) in (1.8) with Ts denotes

the sampling period [64].

T (1-a)z%2-2(cos(8)-a)z+(1—a)
Gig (Z) o (Li+Lg) ( (z—1)(z2-2zcos(6)+1) ) (1.8)
sin(wresTs)
where § = wyesTs and @ = Tt

2. In continuous time domain, the delays can be emulated using an exponential delay
function of Gq(s). In this case, the ZOH delay is approximated by half sampling
period delay, and the computation delay is modelled by one sampling period [2],
[64]. Then, a total time delay (Tq) of one and half sampling period (T4 = 1.5Ts) can

be used to represent the total delay as follow.
Gy(s) = e 155Ts (1.9)
The control system representations using the above two methods are respectively

shown in Figs 1.8(a) and 1.8(b) where G is the fundamental current regulator and iret

is the desired value for the grid current.

Discrete Current Computational Discrete
- regulator delay LCL filter -
i (2 v,(z) i (z)

ref _ i
G c (Z ) G ig (Z )
(a)
Equivalent representation for the
Continuous digitally controlled filter

i (S) Currentregulator ™
ref

(b)

Fig. 1.8 Delay representation in digital control systems (a) using discrete

representation, (b) using continuous time domain approximation.
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1.3.2.3 Inherent Damping of Single Control Loop

The stability of single control loop systems based on grid current feedback has
been investigated [12], [14]-[16], [62], [65]-[68]. It was indicated in [16] the stability
is closely related to the ratio of sampling frequency to the LCL filter resonance
frequency, however this relationship was not identified. Using Nyquist stability
criterion, it was shown in [69] that the system stability of can be maintained only for
high resonant frequencies. In [13] and [70], it was found that the single control loop
systems can be stable only if the resonant frequency is lower than one-six of the
sampling frequency (necessary condition).

This stability range has been confirmed in [71] using a virtual impedance model

for the single control loop. Figs. 1.9 show the derivation of this virtual impedance model.

LeLFter e,
, DSP del i |
It (S) 1 - - ayVi(S) : i é ic 1 1 ilg (S)
GC(S d (S) i sL, E VC E E
(@
Virtual filter block diagram
. DSP delay E , E
Ier (S Vii % 1 i 1 v 2] (s)
ref ( ) [; GC(S)_’Gd (S) |g I_’E:D_C’E c i E ; g

Fig. 1.9 Single loop control using grid current feedback (a) Original system, (b)
Equivalent block diagram. (b) Virtual equivalent circuit.

11
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It is obvious that equivalently a virtual impedance Zeq is connected in parallel with
the capacitor C. With expressing the fundamental current regulator G(s) by its

proportional gain of K, this impedance is expressed as follow:

Z

= 9 )2(cos 1.5wT, + j sin 1L5wT,) = R,y (w)]| — (1.10)

eq Kp jwCeq(w)

2
—LiLg(u

Kpsin(1.5wTs)
Kp cos(L5wTs)’

where Ryp(w) = P
1A

Coq(w) =

Therefore, a resistor Req and a capacitor Ceq are in parallel with the filter capacitor
C. Req is frequency dependent, which provides a frequency dependent damping. It can
be shown that Req is positive for frequencies above fs/6. Therefore, fres is required to be

more than this critical value for stability (necessary condition).

1.4 Resonance Damping Methods:

There are mainly two methods to damp the LCL filter resonance; passive and
active damping.

- Passive damping: by adding a resistor to introduce the damping effect [72]-[78].
Many passive damping configurations have been presented for this purpose as
shown in Fig. 1.10. However, passive damping produces power losses which
decrease the overall system efficiency and increases the filter size and weight [79]-
[81].

- Active damping: by modifying the control algorithm to introduce the damping
effect without the need for additional passive elements. Number of active damping

methods have been presented in the literature.

12
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Li Lg Li Lg
_NW\__L_NW\_ —YYm Y Y
C T =—Cd
C_:
3 £,
(a) Series R damper (b) Shunt RC damper
L. L
L, L, v A
_fVW;¥rVW\_ 1
R, C=
C== L, T g L,
(c) Series RLC damper (d) Shunt RLC damper

Fig. 1.10 Passive damping configurations

1.5 Problem Definition

From the above discussion, it is shown that the stability of single control loop
can be maintained only for resonant frequencies higher than one-sixth of the
sampling frequency. However, the stability violates if the resonant frequency
decreases to values less than this critical value. Such decreasing in the resonant
frequency can occur with the frequent increase in the grid inductance [82]-[86]. For
that reason, damping techniques have to be adopted to suppress the resonance of the
LCL filters. Passive damping, by using a resistor, can be used to cope with this
challenge. However, it causes power losses. Thus active damping by modifying the
control algorithm is preferred. Number of active damping methods have been
discussed in the literature. These methods along with their limitations are presented

in the next section.

13
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1.6 Literature Review on Active Damping Methods

1.6.1 Filter-Based Active Damping:

A digital filter is plugged in, in cascade to the main controller, to damp the unstable
dynamics [69], [87]-[92]. A general discrete transfer function for such filter is
expressed in (1.11) as D(z). The system block diagram is shown in Fig. 1.11 and a
conceptual bode plot for D(z) is shown in Fig. 1.12. The main idea is compensating the
LCL resonant peak by inserting an anti-resonance peak at certain notch frequency

denote as froth.

a2Z2+a1Z+a0
b2Z2+b1Z+b0

D(z) = (1.11)

e -

Fig. 1.11 Closed loop system with using a digital notch filter.

Bode Diagram
0 _\
-20 H/

-40 notch

Magnitude (dB)

™

N
(6)]
//

—

Phase (deg)
o

A
a

10° 10
Frequency (Hz)

©
o

4

Fig. 1.12 Conceptual characteristics of digital notch filter
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In [69], the performance of three digital filters (low-pass filter, lead-lag filter and
notch filter) has been studied for grid and converter current based control at low,
medium and high resonant frequencies. The performance of each type has been
evaluated in terms of bandwidth, complexity, robustness and stability margins. Among
these types, the notch-filter offered the most flexible and effective damping behavior.

In [89], multiple notch filters in series are proposed to attenuate multiple resonance
peaks. The order of the cascaded notch filter is determined by the number of peaks, of
which the magnitude is above 0 dB. In order to make the notch filter insensitive to the
variation of the resonances due to the fluctuation of the filter parameters, the bandwidth
of the notch filter has been expanded. However, such expanding would potentially
reduce the system phase margin, and hence, a tradeoff during the design of the notch

filter has to be considered.

In [90], optimum filter parameters are determined using genetic algorithm to have
the desired stability of the system and to preserve dynamics performance. Over wide
range of resonant frequencies, both the grid current and the converter current feedback
are considered. Compared to using other non-linear techniques, using the genetic
algorithm does not need a priori knowledge for the range in which the active damping
parameters should lie. This makes using the genetic algorithm more suitable as the aim
is to have a tuning method that should work with different resonant frequencies and for
different system configurations.

In [91], a straightforward tuning procedure for a notch filter self-commissioning
has been proposed. In order to account for the grid inductance variations, the resonance
frequency is estimated firstly using the Goertzel algorithm and later used for tuning the
notch filter. However, this requires an extra computational resources in the existing

control processor. Another technique to increase the system robustness against grid
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inductance variation, has been adopted in [92] where it is suggested to design the
frequency of the notch filter to be less than the resonant frequency.

Recently, the notch filter is employed along with a passive RC damper and
harmonic selective compensator to increase both the system robustness and the system
capability to reject the low-order grid voltage harmonics [93].

The easy plug-in feature and the physical meaning are the two main advantages of
this approach. However, using such cascade network decreases the closed loop system
bandwidth. Moreover, it is very sensitive to filter parameter variations which can likely

occur with different number of grid-tied inverters in parallel [82]-[86].

1.6.2 Multi-Loop Active Damping Methods:

In this method, the damping is achieved through an inner loop from one of the

filter states (capacitor current, capacitor voltage, grid current or converter current).

1.6.2.1 Capacitor-Current-Based Active Damping:

The block diagram for this method is shown in Fig. 1.13 where the capacitor

current is fed back through a proportional feedback of Ha.

Actively damped LCL Filter
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G, (s)1- Gd(s)—»é%; oY O

s I EF g 5 g BN e

E H, — ;
e N H

Fig. 1.13 Active damping using capacitor current feedback.

This method was firstly proposed in [94] where it was shown that a proportional

feedback from the capacitor current results in the same damping effect as a series

16



Introduction

resistor connected to the filter capacitor. Further studies have been introduced in the
literature to investigate the damping behavior for this method [24], [28], [95]-[104].

In [24], with the converter side current controlled, capacitor-current-based active
damping has been investigated considering different ratios of the resonant frequency
with respect to the sampling frequency. It was shown that resonance poles can be
damped into the unity circle with the proper tuning of the proportional feedback at high
and medium resonant frequencies. However, if the resonant frequency gets lower,
resonance damping suffers from interactions with the fundamental controller. For this
reason, resonance damping and stability get worse. However, the specific boundaries
for these regions - low, medium and high resonant frequencies- are not given to design
system parameters.

In [28], co-design steps for the capacitor current feedback along with the
fundamental current regulator have been presented. Two types of controllers have been
considered, Pl and PR regulators. By dealing with the interaction between the current
regulator and active damping coefficient, satisfactory regions of the controller
parameters have been obtained for given specifications of steady state errors and
stability margins. However, the design steps did not consider the transpose delay due
to discrete implementation.

In [95], a differentiation of the capacitor current has been adopted to produce the
damping effect with the converter side current controlled. It was clarified that this
method can damp resonance effectively only for high resonant frequencies. However,
for low resonant frequencies, the system stability can only be achieved by lowering the
proportional gain of the current controller which reduces the system bandwidth, or by

using more complex control algorithms like state space control.
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In [96], [97], a virtual impedance model for the discrete active damping loop has
been presented. Fig. 1.14 show the derivation of this virtual impedance model using the

equivalent s-domain system.

Virtual filter block diagram

i ref (S

(a)
VI v C:: C Vg
d iC ZCeq
(b)

Fig. 1.14 Equivalent representation of capacitor—current active damping. (a)
Block diagram representation. (b) Equivalent circuit.
It is obvious that equivalently a virtual impedance Zceq is connected in parallel

with the capacitor C. This impedance is expressed as follow:
Zeeq = = (c0S 150T; + j sin 1.50T) (1.15)
d

Using the above expression, it can be shown that the real part of this impedance
becomes negative for resonant frequencies greater than a critical value of one-sixth of
the sampling frequency. This implies a non-minimum phase behavior, owing to the
presence of open loop unstable poles.

Although the closed loop system can be stable for resonant frequencies more than
the critical value of one-sixth of the sampling frequency, It was shown in [96], [97] that
this non-minimum phase behavior declines the system robustness against grid

inductance variation which can occur particularly in weak grids. This, in turn, worse
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the system stability. In addition, this behavior declines the damping effect as a resonant
peak more than 0 dB has to be allowed to stabilize the closed loop system [97].
Modified feedback loops of the capacitor current have recently been proposed to
avoid the non-minimum phase behavior over a wider range of resonant frequencies
[96]-[99]. In [98], this critical resonant frequency has been extended to 0.25 of the
sampling frequency using an improved capacitor-current-feedback active damping
method. On the other hand, in [97], this limit has been further extended to one-third of
the sampling frequency using a virtual RC damper instead of the conventional virtual
R damper. Finally, in [96] and [99], it was shown that using a high sampling rate in the
active damping loop contributes to extend the non-minimum phase behavior.
However, feeding back the capacitor current needs a high precision current sensor;
this in turn increases the overall cost. To avoid the need for more sensors, model-based
estimation methods have been proposed in the literature. In [105], a virtual flux model
has been derived for the LCL filter. Based on the derived model, the capacitor current
has been estimated using a second derivative of the capacitor virtual flux. In [106],
[107], an observer has been designed using the pole placement technique. However, the
performance of these methods is highly dependent on the LCL filter parameters which
can likely changed in the real operation. Moreover, these methods increase the system

complexity.

1.6.2.2 Capacitor-Voltage-Based Active Damping

The block diagram for this method is shown in Fig. 1.14 where the capacitor
voltage is fed back through a general transfer function of Hy(s) [108]-[116]. Ideally,
this needs a differentiation of the capacitor current. However, for practical
implementation, such differentiation can amplify the noise and decline the overall

controller performance. In [108], a lead—lag network in the synchronous reference
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frame applied to the feedback from the capacitor voltage. The analysis was carried out
in s-domain with approximating the PWM transport delay as a first order pole. It was
shown that the damping effectiveness depends on the bandwidth of the inner active
damping loop compared to the outer current control loop. However, an increasing in

the response overshoot was observed due to the active damping loop.

Actively damped LCL Filter
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Fig. 1.14 Active damping using capacitor voltage feedback.

In [109], the lead-lag network has been designed to act sharply in a little range
around the resonant frequency without influence at low frequencies and switching
frequencies. Using the pole-map plot, it was shown that both the system stability and
the damping behavior are highly dependent on the network gain; optimum value for
this gain is determined using the system pole-map with sweeping the network gain.

In [110], high-pass filter HPF is employed in dq axis for active damping purpose.
In this work, the d and g axis components of the capacitor voltage are low pass filtered.
To decrease the high harmonic delay, the HPF is realized by subtracting the low pass
filtered capacitor voltage components from their corresponding dq axis components.
The capacitor voltage has been estimated by subtracting the modulated converter
voltage and the voltage across the inverter side inductor which, in turn, has been
determined by differentiation the converter side current. To avoid the switching noise
multiplication problem due to the current differentiation, the ac currents have been

sampled during the middle of the zero-vector states in the conventional SVM. The same
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strategy for estimating the capacitor voltage has been adopted in [111]; however, a lead-
lag compensator feedback has been used. This lead lag compensator has been tuned to
a maximum lead angle at the resonant frequency.

In [112], a systematic tuning steps for the lead-lag network to behave as a
differentiator as possible around the resonant frequency has been presented; the effect
of the PWM and computation delays of the DSP was considered. Stability is studied by
means of the root locus analysis in -plane. The robustness against the grid inductance
variation is also analyzed. In consistent with the obtained results from [109], it was
shown that there an optimum network gain for stability and damping. This gain was
determined using the pole-map plot for the closed loop system. It was indicated also
that this lead-lag network can be used effectively over the limited range of resonant
frequencies between 1/3.2 and 1/3.4 of the sampling frequency [112].

In [113], the capacitor voltage has been used to determine a harmonic current
reference component to emulate a virtual damping resistance. This is achieved in two
steps; firstly, the harmonic components of the capacitor voltage have been detected
using a second-order Butterworth low-pass filters; after that, a harmonic current
reference component has been determined by dividing the detected harmonic
components by the virtual damping resistance. It was shown that this method is
effective to damp multi-resonance in parallel grid-connected converters.

To match the derivative function without associated noise amplification, two
derivatives methods have been recently proposed using either second-order or non-ideal

generalized integrator [115], [116]. However, the system becomes more complex.

1.6.2.3 Grid-Current-Based Active Damping

The block diagram for this method is shown in Fig. 1.15 where the grid current is
fed back through a general transfer function of Hg(s).
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Fig. 1.15 Active damping using capacitor voltage feedback.

In terms of number of sensors and system complexity, grid-current-based active
damping is more preferred than capacitor-current-based or capacitor-voltage-based
active damping techniques; this is because there is no need to additional sensors or
complicated control algorithms. Ideally, this needs an s? term in the active damping
loop [117]; however, it is not implemented practically due to the noise amplification.
Two approaches have been presented in the literature to overcome this issue: one
approach employs a second order Infinite Impulse Response (IIR) filter [118]. To
acquire robustness against parameter variation with adequate stability margins, the
phase of the IIR is tuned to compensate the delay of the DSP and to show a flat
characteristics around the resonant frequency. On the other hand, to limit the effect of
the IR around resonant frequency without deterioration of the fundamental current
compensation, the gain of the IIR has been tuned to be large at resonant frequency
relative to its magnitude at low frequencies. However, the control system is complicated
and many iterations are needed to meet pre-specified behavior.

The other approach employs HPF of the grid current feedback [117], [119], [120].
In [117], the feasibility of using two types of filters, first order and second order filter,
has been investigated. In terms of noise amplification, phase characteristics, low
frequency range attenuation and preserving adequate stability characteristics, the first

order high pass filter show superiority over using higher order filters. Based on this
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conclusion, the first order HPS has been tuned to behave as the ideal s? term around the
resonant frequency. However, there are no straightforward design steps introduced
especially for the discrete implementation.

This approach has been further investigated in [119] where an independent design
for the HPF and the Synchronous Rotating Frame Proportional-Integrator (SRFPI)
current regulator has been proposed. However, d-g axis coupling of the LCL filter has
been ignored. This ignorance can lead to an imprecise evaluation for the system
performance especially at the resonant frequency. In [117] and [119], there is no
consideration for the transport delays of the digitally controlled system and their effect
on the open loop system stability which, upon violation, can decline the damping
performance and the system robustness. Moreover, as indicated in [120], both the active
damping loop and the fundamental current regulator must be co-designed together to
meet pre-specified performance.

Based on s-domain emulation of the digitally controlled system, a virtual
impedance model for the grid-current-based actively damped filter has been derived in
[120] as a shunt impedance across the grid side inductance. Based on this realization, it
was derived that unstable open loop behavior can be avoided for resonant frequencies
up to 0.27 of the sampling frequency. However, such s-domain emulation cannot
accurately represent the digitally controlled system aspects. Moreover, for certain
resonant frequency, it could not identify the parametric influence of the HPF on the
open loop stability. Consequently, the tuning process becomes tedious and many
iterations are needed to co-design the HPF along with the fundamental current regulator
without open loop stability violation. In addition, it is cost-effective to design LCL
filters with higher resonant frequencies, and without violation of open loop stability

especially when selective harmonic compensation is of concern [97].
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1.7 Research Objectives

As introduced in the above review, active damping is more preferred over passive
damping which increases the power losses. Number of active damping methods have
been presented in the literature. Each one of these methods has its own advantages and
disadvantages in terms of its ability to avoid the non-minimum phase behavior, the
required number of sensors, control system complexity and the tuning steps of the
control parameters.

In order to overcome the limitations of the existing active damping methods, some
novel algorithms and analysis are proposed. Firstly, an observer in the control system
is employed to estimate the capacitor current without the need for additional sensors.
After that, a novel two state feedback active damping technique for the LCL filter
resonance is proposed using the capacitor voltage and the grid current. Finally, an
investigation for grid-current-based active damping method is presented to improve its

performance.

1.8 Thesis Outlines

The Thesis is divided into five chapters. The outlines of these chapters are as follows:
In chapter one, a theoretical background about LCL filters, resonance problem
and digitally controlled grid-connected converters are introduced. A literature review
about the existing damping techniques along with their limitations are presented as well.
In chapter two, an observer in the control system is employed to estimate the
capacitor current without the need for additional sensors. A systematic design of the
observer loop is presented. The control algorithm is implemented in stationary

reference frame to reduce the overall computation burden on control hardware. The

24



Introduction

results show that the observer-based system offer a good damping behavior without the
need for additional sensors. This, in turn, reduces the overall cost.

In chapter three, a novel active damping method using two feedback loops of the
capacitor voltage and the grid current is proposed. The proposed method is derived in
the continuous time domain with a discussion for its discrete implementation. To show
the superiority of the proposed method, a comparative study is presented. Compared to
capacitor-current-based method, the cost is reduced by omitting the high cost current
sensor. Moreover, the non-minimum phase behavior is avoided over wide range of
resonant frequency. Compared to capacitor-voltage-based method, the proposed
method behaves effectively over wide range of resonant frequencies without stability
violation or the need to a differentiator which amplifies the noise. Compared to grid
current based method, straightforward co-design steps for the active damping loops
along with the fundamental current regulator are proposed. The superiority of the
proposed method is verified over wide range of resonant frequencies.

In chapter four, Active damping using high-pass filter (HPF) of the grid current
is investigated. A detailed study for the actively damped filter in discrete time domain
is introduced. Limits for the HPF parameters are derived in order to avoid the non-
minimum phase behavior. Based on this investigation, the performance of this method
is highly improved where the ability to avoid the non-minimum phase behavior is
extended up to resonant frequencies about 0.39 of the sampling frequency. In addition,
straightforward co-design steps for the HPF along with the fundamental current
regulator are proposed. Numerical example and experimental work are carried out to
confirm the obtained results.

Chapter five — the last chapter in the thesis — includes both the final summary and

the conclusion outline for the thesis and the expected extended future work.
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Chapter 2:

Design and Analysis of Observer-Based Active

Damping for the LCL Filter Resonance

2.1 Introduction

It was proved that the proportional feedback of the filter capacitor current is
equivalent to a resistor in series with the filter capacitor [94]. This active damping
method is simple, flexible, effective and robust. However, it needs an additional high-
precision sensor to get the capacitor current or voltage, and this increases the overall cost

of the system.

To decrease the required number of sensors, the capacitor current can be estimated
using model-based analytical methods. Observer based active damping technique have
been proposed to get the non-measured value of the capacitor current [107]. However,
it has been applied mainly in the dg synchronous reference frame which increases the
control effort. Also, in the literature, it was applied with control algorithms based on
converter side current control. However, one of the main objectives of the whole control

system is controlling the power factor at the point of grid connection [16].

This chapter introduces a systematic design of the observer-based active damping
technique. The grid current is adopted as the main controlled state with taking into
account the transport delay due to digital implantation. The control algorithm is

implemented in stationary reference frame.
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2.2 Observer-Based Active Damping System

Fig. 2.1 shows a single phase inverter connected to the grid through an LCL filter.
The plant (inverter + filter) transfer function is expressed in (2.1) as G«(s) where mis the

modulation index (control signal to PWM).

Gr(s) = L2 = Ve (2.1)

m(s) LiLgCs(s?+w?es)

Wres = \/(Li + Lg)/(CLiLg) (22)
The observer-based system is shown in Fig. 2.2. For design purpose, a state space

model for the LCL filter is firstly derived as introduced in the next section.
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Fig. 2.1. Single phase inverter connected to the grid through an LCL filter.
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Fig. 2.2. Observer-based active damping system.

2.2.1 Filter State Space Model

The continuous state space model for the LCL filter is expressed as in (2.3)

dt
1 _

. ’ v ) RS
with x(@) =i, F=[ 0 0 _l/LL- 6= V‘“/L o V7 A0
v, _ i
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The filter discrete model can be expressed as in (2.4)

x(k +1) = px(k) + T'U(k) (2.4)

FkTSk+1
(k+1)!

where @ =efT ' =37,
Considering the DSP delay due to computation and digital PWM operation, the
modulation index input will be mq(k) instead of m(k) where:
mg(k) = m(k — 1) (2.5)
then, the discrete state model is re-written in (2.6) as follow.
x(k+1) = px(k) + U, (k) (2.6)

mg (k)
v,

where Uy (k) = [ o ()

2.2.2 Observer Design

Using Luenberger observer technique [64], the observer state space model is
expressed in (2.7).

Xk +1) = (¢ — LyH)x(k) + [ Ly] [Ll’;((:))

(2.7)
y(k) = Hx(k)

with  H=[-1 1 O0].

In (2.7), Ly is the weighting matrix for the correction part between the measured
grid current (ig) and its estimated value. The value of L, depends on the observer poles
which should be at least two times faster than the poles of the plant (actively damped
filter) to do not make deterioration for the dynamic characteristics [64]. In our case, the

value of L, is tuned to obtain observer poles equal to three times the plant poles.

2.3 Control Parameters Design

Since the observer poles are chosen to be faster than the plant poles, the

fundamental current regulator can be designed separately from the observer.
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2.3.1 Fundamental Current Regulator Design

The transfer function for a proportional resonant (PR) controller is expressed as
Gc(s) in (2.8) with w, = 2rf, where w, and f, are the fundamental grid frequency in

rad/sec and Hz, respectively.

K,S

S2+w?

Ge(s) = Kp +

(2.8)

For the PR regulator coefficients, they are tuned to achieve a pre-specified value of
crossover frequency (wc) as follow.

e Kp tuning: For frequencies greater than the fundamental frequency (wo), the PR
controller function can be reduced to Ky since the resonant gain has negligible effect
above wo [28]. Since the crossover frequency (wc) should be adequately higher than
the fundamental frequency, K, can be determined as in (2.9) [13]:

Kp = wc(L; + Ly) (2.9)

e K, tuning: This parameter is tuned to ensure that its phase contribution is small at

the crossover frequency (wc) as in (2.10) [13].

K, =22 (2.10)

2.3.2 Design the Active Damping Coefficient (Hq)

This value is tuned to achieve the best possible damping. Fig. 2.3(a) shows the
block diagram for the discrete system of the observer-based actively damped filter. The
grid voltage is considered as a disturbance input. Ggc(z) and Gmc(z) are the discrete
transfer functions from the inputs of the observer, measured grid current and inverter
modulation index respectively, to the estimated capacitor current.

To derive an expression for the actively damped filter, this system is manipulated

as shown in Figs. 2.3(b) till 2.3(d) where,

1
1427 H 3G (2)

G,(2) = (2.11)
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From Fig. 2.3(d), the transfer function of the observer-based actively damped filter
can be expressed in (2.12) as Gtg.ons. The closed loop system transfer function is

expressed in (2.13) as Tciosed-obs.

z271G1(2)G¢(2)
1+27 H3G1(2)G £ (2)Ggc(2)

Gf—d—obs(z) = (212)

Gf_d—obs(2)Gc(2)
Tclosed—obs(z) = [odzob (213)

1+Gf_g—ops(2)Gc(2)

|
D
[z}
—~
N
|
A

Fig. 2.3 (a) till (d) Block diagram manupulation for the observer-based actively

damped filter.
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2.4 Robustness against Grid Inductance Variation

Table 2.1 presents the parameters of the grid-connected single phase invereter. The
system robustness is investigated at three capacitance values, corresponding to three
resonant frequencies of 0.147ws, 0.195ws and 0.23ws, denoted as wrest, wres2 anNd wres3,
respectively. Firstly, the fundamental current regulator is designed for certain crossover
frequency (wc). To achieve an adequate phase margin, wc should be adequately higher
than the fundamental frequency and below the resonant frequency value. For this
purpose, the value of w. is considered as 0.33 of the corresponding resonant frequency

of each case. Then, using (2.9) and (2.10), K, and K; are determined.

Table 2.1
System parameters
Symbol Quantity Value
P Rated power 400 W
2 Grid voltage 100 V
Fo Grid Frequency 50 Hz
Ve DC Voltage 180 V
Li Inverter side inductance 2.75 mH
Lg Grid side inductance 1.2 mH
C Capacitance 14.1 pF, 8 pF, 5.7 pF
fsw Switching Frequency 10 kHz
fs Sampling Frequency 10 kHz
Table 2.2
Designed Control Parameters
C (uF) Haq Ko Kr
14.1 9 12 3652
8 6 15.94 6436
5.7 5 18.9 9033

The pole maps of the closed loop system are plotted using (2.13) with sweeping
the active damping coefficient (Hq). These pole maps are shown in Figs. 2.4(a), 2.5(a)

and 2.6(a) for wrest, wres2 and wres3, respectively. Using these plots, the values of Hyq
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corresponding to the farthest resonant poles inside the unit circle are selected to achieve
the best possible damping. Table 2.2 lists the designed control parameters.

The system robustness is studied by plotting the closed loop pole map with
increasing the grid side inductance. For each resonant frequency, the grid side
inductance is swept starting from its original value (Lg) till 3Lg. The corresponding pole

maps are shown in Figs. 2.4(b), 2.5(b) and 2.6(b) for wres1, wres2 and wres3, respectively.

Imaginary Axis
Imaginary Axis

-1 0 1 i o ]
Real Axis Real Axis
(@) (b)
Fig. 2.4. Pole map of Teiosed-obs (Z) for wres1i=0.147ws, (a) with sweeping Hqg to tune
the control parameters (b) with sweeping Lg to investigate the system robustness
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Fig. 2.5. Pole map of Teiosed-obs (Z) fOr wres2=0.195ws, (a) with sweeping Hq to tune
the control parameters (b) with sweeping Lg to investigate the system robustness
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Imaginary Axis
Imaginary Axis

Real Axis

Real Axis

(@) (b)
Fig. 2.6. Pole map of Tciosed-obs (2) fOr wress=0.23ws, (a) with sweeping Hq to tune the
control parameters (b) with sweeping Lq to investigate the system robustness

It is shown from Figs. 2.4(b), 2.5(b) and 2.6(b) that two of the closed loop poles
are moving toward the unit circle limit with increasing the grid inductance value.
Although the system is still stable in the considered range of grid inductance variation,

but, at higher values of the grid inductance, the system may become unstable.

2.5 Simulation & Experimental Results

To verify the behavior of the proposed algorithm, simulation and experimental
work are carried out in two cases; using capacitor current sensor and using the proposed
observer loop. To verify the dynamic response, the rms value of the reference current
(Irer) s stepped up from 2 Arms to 4 Arms (rated value) during these tests.

The simulation work is carried out in PSIM environment. Discrete models for the
observer loop and the PR controller are constructed using PSIM digital control modules.

For experimental verification, a single phase inverter prototype has been constructed
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and connected through an LCL filter to an AC source to emulate the utility grid. The
controller was implemented on a Texas Instruments TMS320C6713 DSP.

Figs. 2.7 and 2.8 show the simulation and experimental waveforms of the grid
voltage and the grid current for the two considered cases; using capacitor current sensor

and observer loop, respectively.

Lr=2 Arms
, —
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>
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Fig. 2.7. Results with using current sensor for wres2 = 0.195ws , upper waveforms
(simulation), lower waveforms (experimental).

L,r=4 Arms
—

Grid voltage (Ve) [100.V/div]_|
: i i i — Gnd current (ig) 2.5 Aldiv]
0.18 0.18 0.2 D.22 0.24 0.26 0.28

Time (sec)

Fig. 2.8. Results with using the proposed observer loop for wres2 = 0.195ws, upper
waveforms (simulation), lower waveforms (experimental)
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Both the simulation and experimental waveforms indicate that the proposed active
damping algorithm can damp the resonance oscillations without the need for additional
current sensors. For the experimental waveforms, it is shown that the steady state grid
current contains some ripples in the sensor-based case. On the other hand, such high
frequency switching ripples are largely attenuated with the observer-based case. This is
due to the limited bandwidth of the observer. This represents another practical merit for

replacing the current sensor by the observer.

2.6 Summary

An active damping algorithm based on the capacitor current estimation is
investigated in this chapter. An observer in the control loop to is employed to estimate
the capacitor current value without the need for additional current sensor. The observer
poles are selected to be faster than the plant poles. This in turn, facilitates a separate
design for the fundamental current regulator along with the active damping coefficient
to meet pre-specified values of cross over frequency and damping behavior. The
robustness of the closed loop stability is investigated against grid inductance variation;
it is indicated that the stability get worse as the grid inductance increases. The
simulation and the experimental results are introduced to verify the performance of the
observer based active damping algorithm. These results show that the observer-based
system offer a good damping behavior without the need for additional sensors.

Moreover, compared to sensor-based system, it offers lower switching ripples.
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Chapter 3:

A Two State Feedback Active Damping Strategy

for the LCL Filter Resonance

3.1 Introduction

A novel active damping strategy for the LCL filter resonance is propose in this
chapter. The proposed strategy uses two feedback loops of the grid current and the
capacitor voltage. The proposed strategy is derived in the continuous time domain with
a discussion for its discrete implementation. According to the proposed strategy,
excitation of unstable open loop poles, which results in non-minimum phase behavior,
can be avoided over wide range of resonant frequencies. Moreover, straightforward co-
design procedures for both the fundamental current regulator and the active damping
loops are proposed. A numerical example along with experimental results are
introduced to validate the proposed strategy performance over wide range of resonant

frequencies.

3.2 Proposed Active Damping Strategy

3.2.1 System Description

Fig. 3.1 shows a single phase inverter connected to the grid through an LCL filter.
The block diagram of the capacitor-current-based active damping system is shown in
Fig. 3.2, where a proportional feedback (Hq) of the capacitor current is used to actively

damp the filter resonance.
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Fig. 3.1. Single phase inverter connected to the utility grid through an LCL filter.

Actively damped LCL Filter
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Fig. 3.2. Block diagram of capacitor-current-based active damping.

The un-damped filter transfer function Gig(s) and the filter resonant frequency wres

are re-written in (3.1) and (3.2), respectively.

_ig(s) _ 1
Gig(s) = vi(s)  LilgCs(s2+wEes) oY
s = e 1,)/(CLty) 7

A proportional-resonant (PR) controller with a transfer function of Ge(s) is
employed for fundamental current regulation. It is expressed in (3.3) with w, = 2xf,

where w, and f, are the fundamental grid frequency in rad/sec and Hz, respectively.

K,S
2
S2+wg

Gc(s) = Kp + (3.3)

According to Fig. 3.2, the transfer function of the capacitor-current-based actively
damped filter can be expressed in (3.4) as Fad(S).

ig(s) _ 1
- H
vig(s) CLng-S(SZ +L—‘?S+w¥es)
l

Fad(s) = (3.4)
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In Figs. 3.3(a) till 3.3(d), the capacitor-current-based active damping system is
manipulated using signal flow graph manipulation. In Fig. 3.3(a), the capacitor current

is replaced by the difference between the inverter output current and the grid injected

current.
. \/
Iref = ° i Ig
GC(S) - SLg
(a)
. \/
lres Vi VL|_ 1 1 X 9 i Ig
G.(s 1 J sl -»Q?»SC ~ sk
Hd<-(P~S—Li
(b)
\/
+ 1 3 ; 1-I-9
sc|| — |sk
1 v,
sk |
: \/ ]
g
Ire1‘ 1 ¥ |1 Ig
>(+ — >
- _’%}} sC sk,
G(s)
i ) Vv
sL | c

(d)

Fig. 3.3. Manipulation of the capacitor-current-based active damping technique.
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With further manipulation, it is shown in Fig. 3.3(c) that the capacitor current
feedback is equivalent to multiplying the active damping coefficient (Hq) with three
feedback loops of:

e A unity feedback of the grid current (ig)

e An integrator of the capacitor voltage (vc) with a time constant of L.

e An integrator of the output inverter voltage (vi;) with a time constant of Li.

By further manipulation, the modulated inverter voltage feedback loop is
augmented in the main loop as a high-pass filter (HPF), with a cut off frequency of
wy, = Hy/L;. This HPF is denoted as Gn(s) and expressed in (3.5). This system is shown

in Fig. 3.3(d).

S
1+s/wp

Gn(s) = wih (3.5)

The typical rang for w;, can be calculated by expressing the transfer function of
the actively damped filter (Faq), expressed in (3.4), in terms of w, and writing it in a

standard form as in (3.6).

1 . 1
CLgLiS(S?+wpS+w¥es)  CLgLiS(S2+2{wyresS+w?Zes)

Fad(s) = (3.6)

Since the damping ratio & is typically around 0.7 [28], then a range of 0.5<¢<1
will be considered; therefore, the typical range for w,;, can be determined as in (3.7).
Wres < Wh < 2Wres 3.7)
Note that the integrator of the capacitor voltage feedback in Fig. 3.3(d). is denoted
as Gi(s).
The presence of the HPF (Gn) in cascade with the main control loop can decline
both the system disturbance rejection and reference tracking capabilities. More

modifications should be done to cope with these issues.
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3.2.2 Proposed Active Damping System

The proposed system is derived in two steps as follow:
Step 1

To maintain the damping effect of the cascaded block Gn(s) without
deterioration of other control objectives, Gn(s) is eliminated from the main control
loop and only inserted into the active damping feedback loop to keep its damping
effect. With multiplying Gn(s) by Ha, the resulted transfer function, Gad(s)

expressed in (3.8), is still a HPF with a gain of L.

SL;
1+s/wp

Gaa(s) = (3.8)

This system is shown in Fig. 3.4. Then, the new actively damped filter transfer
function is expressed as Frew(s) in (3.9)

Gig(s) _ (1+s/wp)

1_Gad(S)Gig(S)(1+SLgGi(S)) 52(CLiLgSZ+CLL~Lgs+(Li+Lg))

Frew(s) = (3.9)

The s2 term in the denominator of Fren(s) results in a constant phase of -180°
in the open loop bode plot. This in turn, can dramatically deteriorate the phase

margin. As a result, more modifications are necessary.

Actively Damped LCL Filter Fpew(s) vV

GG}

Gad(s)"@“G,. (s)“ V.

Fig. 3.4. Block diagram of the proposed active damping strategy.

Step 2
Both the gain of Gaq(S) and the time constant of Gi(s) are expressed in terms

of a new variable (Kg) as in (3.10) and (3.11), respectively.
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Gaa(s) = —(ffs_fjis (3.10)
_ 1
Gi(s) Fai)s (3.11)

Substituting (3.10) and (3.11) into (3.9), Frew(S) is re-written as in (3.12).

_ (1+s/wp) (1+s/wp)
- — CL;L L;+L
CLiLgS(SZ +w$es)(1+s/wh)—st %S4+CLiLgS3 +%SZ+(Li+Lg—Kd)S
h h

(3.12)

Fnew

Using Routh’s criteria, Kq has to follow the constraint in (3.13) to guarantee

the open loop system stability and hence minimum phase behavior.
0<Ky;<(Li+Ly) (3.13)
To generalize the following analysis, Kq is expressed in terms of the above
maximum limit (L; + L,) as in (3.14), where 0 <, <1 for a stable open loop

system.

Kq = Bq (Li +Lg) (3.14)
Substituting (3.14) into (3.12), the actively damped filter of the proposed system

is finally expressed in (3.15).

Frew(s) = (ts/on) (3.15)

CLiLgs(sz+(u,2~es)(1+s/(uh)—s,6’d (Li+Lg)

3.3 Discret Implementation of the Proposed System

3.3.1 System Discretization

The discrete representation of the proposed active damping strategy is shown in
Fig. 3.5 where the DSP delay is represented by one sample delay. Using Tustin
approximation with pre-warping at the fundamental frequency, the discrete PR

regulator is determined in (3.16) where Ts is the sampling period.

sin(w,Ts) z%2-1
2w, (z2-2zcos(w,Tg)+1)

G(2) = K, + K, (3.16)
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Fig. 3.5. Discrete representation of the proposed system.

In addition to Gig(s), expressed in (3.1), two other transfer functions should be defined
for system discretization:
o Giv(s), expressed in (3.17), is the transfer function relating the modulated inverter

voltage to the filter capacitor voltage.

1
CLi(s2+w¥es)

Giy(s) = (3.17)

o Gyy(s), expressed in (3.18), is the transfer function relating the filter capacitor voltage

to the grid current.

Gvg(s) = i (3.18)

Using Zero-Order-Hold (ZOH) discretization, Gig(z) and Giv(z) are expressed as

(3.19) and (3.20), respectively. Gy(z) is determined as Gig(z)/Giv(z).

T (1-a)z?-2(cos(8)-B)z+(1-a)
Gig (2) = (Li+Lg)( (z—1)(22-2z cos(8)+1) ) (3.19)
_ 1 (1—cos(6))(1+2)
Gip(2) = LiCw?,s (z2—22 cos(8)+1) (3.20)
where 8 = w,,T, and a = %

For the active damping loops, Gi(z) and Gad(z) are determined using Tustin

approximation and expressed in (3.21) and (3.22), respectively.

Tzt
2(Kg—Lg) z—1

Gi(z) = (3.21)
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z-1

Gaq(2) = Koq T+ oag (3.22)
_ 2wp(Ba (Li+Lg)-Ly) _ wpTs—2
where K,,; = —= ‘Z)hTS“*" 9 and way = —Z:TS”

Finally, the discrete actively damped filter and the loop transfer function are

expressed in (3.23) and (3.24), respectively.

— Z_laig(z)
Frew(2) = 1-2716;(2)Gaa(2) (1+6(2) /Gvg(2)) (3.23)
Tloop (Z) = Gc (Z)Fnew (Z) (324)

3.3.2 Control Parameters Design

For tuning purpose, the equivalent s-domain representation, shown in Fig. 3.6, is
used. As demonstrated in chapter 1, the DSP delay can be modelled by an exponential

transfer function of:

Gy(s) = e 155Ts (3.25)
Actively Damped LCL Filter Fren-a(S) IVg
e Jf 1 1 % 1) ik
C. (&L S OoL P& [TO s T~

G, (s "@“Gi (s)—Ve

&

Fig. 3.6. s-domain representation for the proposed system discrete implementation.

According to this representation, both the actively damped filter transfer function
(Frew-d) and the loop transfer function (Tioop-d) Can expressed in (3.26) and (3.27),

respectively.

_ (1+s/wp)Ga(s)
Fnew—d(s) - CLiLgs(sz+(u$es)(1+s/(uh)—s,6’d (Li+Lg)Gd(s) (326)

Tloop—d(s) = Gc(s)Fnew—d(s) (327)
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At the resonant frequency, the gain of Frew-d Can be approximated as in (3.28).

(1+jwres/whn) (3 28)

| Frew—a (jwres)| = joresBa (Litly)
According to (3.28), higher values of wn should be adopted to acquire better
damping effect. Theoretically, for discrete implementation, wn can be extended up to
0.5ws (Nyquist sampling theory, where w, is the control frequency in rad/sec).
However, such high value can deteriorate the discretization process. A value of wn
=0.4ws is adopted here.
Since the resonant gain of the PR regulator is mainly effective at the fundamental

frequency, the PR controller can be approximated as (3.29)

K, for w>w,

Ge(jo) = { (3.29)

K. for w=uw,
At the crossover frequency (w.), which should be sufficiently higher than w, and

below both w,.sand the adopted w, (0.4ws), the loop gain can be approximated as

(3.30).

e~ J15Tswc

Ky

we(Li + Ly) (1 = Bge~I15Twc)

Tloop—d (jwc) =

. K 1

|Tloop—d(]wc)| = wC(L;-)i-Lg) (1-Bae—Tt5Tswc) =1 (330)

Using Trigonometry, this gain is reduced to (3.31).

] . Kp 1 . Kp .
Tioop-alwe)| = 5 laome| = o = & (3.31)
where
A, = Jl + B2 — 2B2 cos(1.5T;w,)
(3.32)

0 = sin-1 Ba sin(1L.5T,w,.)
c AC

Hence, for certain value of 84, Ky should be calculated as in (3.33) to obtain certain

crossover frequency.
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K, = w.(L; + Ly)A, (3.33)

Substituting (3.32) into (3.24), the loop transfer function is expressed in (3.34)
Tioop(2) = Acwc(Li + Lg)Frew (2) (3.34)

At the fundamental frequency, the loop gain can be approximated as in (3.35).

|Tloop—d(jwo)| = — (335)

(l’o(Li"'Lg)Ao

where A, = /1 + B2 — 282 cos(1.5Tsw,)
This is expressed in dB in (3.36) from which K, can be determined from (3.37) for

certain fundamental loop gain (T+o).

Ty, = 20109 0 —r—1— (3.36)

wo(Li+Lg)A,
Tfo
K, = a)o(Ll- + Lg)AO 10720 (3.37)

Using the above-derived expressions, the following steps are proposed to co-
design the control system parameters.

1. Plot the pole-map of Frew(z), expressed in (3.23), by sweeping ;. Select Sq so that
it corresponds to the farthest resonant poles inside the unit circle to achieve the best
damping.

2. For a certain value of the fundamental loop gain (T) along with the selected value
for fq, use (3.37) to determine K:.

3. For a certain value of the crossover frequency (w.) along with the selected value of
S, use (3.33) to determine K.

4. Plot a bode diagram for the loop transfer function expressed in (3.24). Check the
resonant peak. If the resonant peak is more than O dB, then decrease the pre-
specified crossover frequency (w.) and repeat steps 3 and 4.

These steps are organized in the flowchart shown in Fig. 3.7.
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‘ Start ’

A

Specify 77, & @, (Fundamental

loop gain & Crossover frequency)

/

\i
Plot pole map of F,...(z)
{expressed in (3.23)}

A

Select value for f,

A

Determine K, and K,

using (3.33) and (3.37)

A

Plot Bode diagram of
T pen(z) {expressed in (3.24)}

Reduce o,

No

s the resonant

A

peak <0 dB ?

3.4 Numerical Verification

3.4.1 Numerical Example
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Fig. 3.7 Flowchart of the co-design steps for the control parameters of the proposed
active damping strategy

Table 3.1 lists the parameter values of the grid-connected inverter shown in Fig.
3.1. Four capacitance values, corresponding to resonant frequencies of 0.143ws,
0.179ws, 0.209ws and 0.241ws are used to verify the performance of the proposed
system over wide range of resonant frequencies with respect to the control frequency.

These resonant frequencies are denoted as wres1, Wres2, Wres3 aNd wresa, respectively.
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The HPF cut off frequency (wn) value is taken as 0.4ws to mitigate the resonant
peak as much as possible. In addition, a value of 60 dB is adopted for the fundamental
loop gain (Tx). Finally, an initial value for the crossover frequency of 0.3 of each
corresponding resonant frequency is adopted.

Using the tuning steps presented in the last section, a pole-map of Frew(z) is plotted
with variation of f4. These pole-maps are plotted in Figs. 3.8(a), 3.9(a), 3.10(a) and
3.11(a) for the resonant frequencies wres1, res2, wres3 aNd wresa, respectively. To achieve
the best damping effect, the values of B4 corresponding to the farthest resonant poles
inside the unit circle are selected. These values are determined as 0.55, 0.45, 0.3 and
0.15 for wres1, wres2, wres3 and wress, respectively. Using the selected values of fq along
with the pre-specified values of w¢ and T, the corresponding values of K, and K are
determined from (3.33) and (3.37), respectively.

For wrest and wres2, Figs. 3.8(b) and 3.9(b) show bode plots of the loop transfer

function, expressed in (3.24), respectively. It is shown that the resonance peak is less

than 0 dB.
Table 3.1
System Parameters
Symbol Quantity Value
P Rated power 400 W
Vg Grid voltage 100 V
Fo Grid Frequency 50 Hz
Ve DC Voltage 200 V
Li Inverter side inductance 1.85 mH
Lg Grid side inductance 1.3 mH
C Capacitance 16.3 pF, 10.4 pF, 7.6 pF, 5.7 pF
fsw Switching Frequency 10 kHz
fs Sampling Frequency 10 kHz
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Fig. 3.8: (a) pole-map of Frew(z) for wres1=0.143ws With sweeping fq (b) corresponding
bode plot for Tieep at fa =0.55
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Fig. 3.9: (a) pole-map of Fnew(z) for wre2 =0.179ws with sweeping fq, (b) corresponding
bode plot for Tioop at fa =0.45

Real Axis

For wres3 and wress, it is found that the frequency response exhibits a resonant peak
of more than of 0 dB. To overcome this issue, a reduction in the crossover frequency
has to be adopted. For wress, it is found that a reduction of the crossover frequency of
0.12wres3 Can reduce the resonant peak to less than 0 dB However, for wres, a large
crossover frequency reduction is required to obtain a resonant peak of less than 0 dB.
Such a reduction can deteriorate the system dynamic performance. Moreover, the phase

lag introduced by the PR controller at low frequencies dramatically reduces the phase
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margin. Therefore, only a reduction of the crossover frequency to 0.1wress IS adopted.
Figs. 3.10(b) and 3.11(b) show the frequency responses for wres3 and wresa, respectively.

Table 3.2 summaries the designed control parameters and the achieved
performance of the phase margin (PM), w. and Tr. These results indicate the well
damped performance of the proposed method over a wide range of resonant frequencies

while meeting the pre-specified values of w, and Tro.

P _02,
g 50<:~____ \ W = ""iwres\’%
® T N 3
= “E:- :
= 0 R
0 <) /' ——
Z 2 0120\
> wc - wresi( NS
£ 58 =
2 ; — —
£ - A
- E’ _goé-——’
[} P
7} A ™\
£ -180 ..\
-270
1 0 1 10" 10° 10° 10°
) . Frequency (rad/s)
Real Axis
@) (b)

Fig. 3.10: (a) pole-map of Frew(z) for wrez =0.209ws with sweeping faq, (b)
corresponding bode plot for Tioop at f¢ =0.3 and different crossover frequencies

=~ — =02
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Fig. 3.11: (a) pole-map of Fnew(z) for wress=0.241ws with sweeping fq, (b)
corresponding bode plot for Tioop at fa =0.15 and different crossover frequencies
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Table 3.2
Designed Control Parameters & Frequency Response Results
Designed .
C Assumed Parameters Achieved frequency response
Wc

(uF) PM

(rad/sec) | Pq Kr Kp | wc (rad/sec) (degree) Tro (dB)
16.3 0.3wres1 | 0.55 | 446 | 4.57 0.32wres1 19.9 60.1
10.4 0.3wres2 | 045 | 545 | 6.83 0.31wres2 25.2 60.1

O.3Cl)res3 954 O.326l)res3 312 601
7.6 0.3 | 693

O.lza)res3 353 0.14Cl)res3 315 60

0.3wress 12.73 0.32wresa 35.2 60.1
5.7 0.15 | 841

O.lCl)res4 408 O.lza)reszl 351 60

3.4.2 Robustness against Grid Inductance Variations

In real operation, the grid side inductance (Lg) may vary significantly. To
investigate system robustness against such variations, the pole-maps of the closed loop
system Tciosed, €Xpressed in (3.38), are plotted in Fig. 3.12 while sweeping Lg between

100-300% of its original value.

T100p (2)
1+Ti00p (2)

Tclosed (Z) = (3.38)

For the considered resonant frequencies, it is shown from the above pole-map plots
that the closed loop poles move inside the unit circle with an increasing Lg. These plots

reflect the system robustness against grid inductance variations.

3.5 Comparative Study

To show the superiority of the proposed active damping method compared to the
existing capacitor voltage-based and current-based AD methods, the limitations of these
methods are clarified under the same parameters used in the aforementioned numerical

example as follow.
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Fig. 3.12. Closed loop pole-maps with grid inductance (Lg) variation for (a)
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3.5.1 Capacitor-Voltage-Based AD Method Limitation:

Fig. 3.13 shows the discrete representation of the capacitor-voltage-based AD

method, where a lead-lag network of Gag. (z) is used for damping purpose. The s-

domain counterpart of this network is expressed as Gag-v (S) in (3.39). Using Fig. 3.13,

the discrete loop transfer function can be expressed as (3.40).

Gad—v (S) = Kd eres

S+Kfa)res

(3.39)

Kgs+wres

271G (2)Giy(2) Gyg (2)

Topen—v(z) =

51

1+2716G g 4(2)Giy(2)

(3.40)
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Actively Damped LCL Filter
_ Y

Gc (Z & Z 1 Giv(z) e Q/g(zl >
G (Z) Vc

ad-v

ref

A

Fig. 3.13. Block representation of capacitor-voltage-based AD method.

It was shown in [112] that this method can behave effectively over the limited
range of resonant frequencies between 1/3.2 and 1/3.4 of the sampling frequency (ws).
To emphasize the difficulty of using this method outside these specified limits, the AD
loop design procedures presented in [112] are used for the resonant frequencies wrest

and wres2 (<ws/3.2); these procedures are shown in Fig. 3.14.

1) Design LCL-filter

v
2) Set kd=kdmln

«
v

3) Obtain the root locus
in the z-plane 5) Increase ky
v K=K+ DKy

4) Maximum )
damping in the No
closed-loop poles?

Yes
<
v 7)

No-» Reduce K,

6) Acceptable

overshoot?

Yes
v
Done

Fig. 3.14 Design steps for capacitor voltage based AD method [112].
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Firstly, the value of Ky is determined using (3.41) to achieve a maximum network

angle (pmax) Of 75 degree at a frequency of wmax = wres. Then, the minimum value of K¢

is determined as (Kgmin = Ly/3Ts).

- /M
Ky = 14sin @ gy (3.41)

Following this, the root locus of the closed loop system, expressed in (3.42), is

plotted while sweeping Kq (starting from Kgmin) as shown in Figs. 3.15(a) and 3.15(b)

for the resonant frequencies wres1 and wresz, respectively.

Imaginary Axis

Topen—v(z)
1+Topen—v (2)

Teiosea—v(2) = (3.42)

Imaginary Axis
o

Real Axis Real Axis
(@) (b)

Fig. 3.15. Closed loop pole-map using capacitor-voltage-based AD method with
sweeping Kg, a) for wres1=0.143ws (Kp=8.47), b) for wres2=0.179ws (Kp=10.6).

It is shown in these plots that the system cannot be stable for any values of Kg.

This ensures the difficulty of using this method for resonant frequencies outside specific

limits. On the other hand, the proposed method behaves effectively over a wide range

of resonant frequencies as verified in the above numerical example.
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3.5.2 Capacitor-Current-Based AD Method Limitation:

The discrete representation of the capacitor-current-based AD method is shown
Fig. 3.16. For analysis purpose, the filter transfer function is divided into two functions
as follow;
o Gic(s), expressed in (3.43), is the transfer function relating the modulated inverter

voltage to the filter capacitor current.

S

Gie(s) = Ty (3.43)

o Geg(S), expressed in (3.44), is the transfer function relating the filter capacitor current

to the grid current.

1

2
chs

Geg(s) = (3.44)

ZOH discretization for Gic(s) is used to determine Gic(z) as expressed in (3.45). On

the other hand, Gg(z) is expressed in (3.46) from dividing Gig(z), expressed in (3.19),

by Gic(2).
__ sin(wyTs) z_l(l—z_l)
Gic(z) - wrLi  (1-2z71cos(w,Tg)+z~2) (345)
Gig(2)
Geg(2) =205 (3.46)

Using the above expressions, the closed loop transfer function is expressed as
Tclosed-c in (347)

z71Gi4(2)Gc(2)
1+2716;c(2)(Gc(2) Geg(2)+Hq)

f _ g
- G, ( _ﬁ)_' Z : ic(Z o0 (Z
H, i

Fig. 3.16. Discrete representation of capacitor-current-based AD method

Terosea—c(2) = (3.47)
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In addition to its need for a high cost current sensor or a complicated observer loop
to measure or estimate the capacitor current, it was shown in [96] and [99] that non-
minimum phase behavior in the capacitor-current-based active damping method cannot
be avoided for resonant frequencies of more than one-sixth of the sampling frequency,
which implies an ineffective active damping [97]. Moreover, it was demonstrated in
[96] and [99] that closed loop systems can hardly be stable at resonant frequency equal
to one-sixth of the sampling frequency. This value of the resonant frequency can likely
be reached due to grid inductance variations, which in turn implies a weak robustness.

To emphasize the above-mentioned limitations, the capacitor-current-based AD
method is used with the resonant frequencies wres2 and wress (>ws/6). To verify the
system robustness, the pole-maps of Tciosed-c IS plotted while sweeping Lq between 100-
300% of its original value. These plots are shown in Figs. 3.17(a) and 3.17(b) for wres2
and wres3, respectively. (The control parameters are determined using the procedures
presented in [13] and listed in below the corresponding plots).

It is shown that the closed loop poles are very close to the unit circle. This in turn,
demonstrates the ineffective damping performance of this method for resonant
frequencies of more than one-sixth of the sampling frequency. Moreover, as shown in
the zoomed part, the system stability violates around a certain value of the grid
inductance corresponding to a resonant frequency of one-sixth of the sampling
frequency.

On the other hand, it has been shown that avoiding such non-minimum behavior
and high robustness against grid inductance variations can be achieved over a wide

range of resonant frequencies using the proposed AD method.
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(b)
Fig. 3.17 Closed loop pole-map of capacitor-current-based AD method with
sweeping Lg, @) for wres2 (Kp=10.6, Ha=5) , b) for wres3 (Kp=4.96, H4=1).

3.6 Experimental Work

Using the system parameters listed in Table 3.1, a single phase inverter prototype
has been built and connected through an LCL filter to an AC power supply to emulate

the utility grid. The control algorithm has been implemented using the PE-Expert3
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platform, which consists of a C6713-A DSP development board along with a high-

speed PEV board for analog-to-digital conversion and PWM signal generation.

To verify the dynamic response, the rms value of the reference current (lrer) is

stepped up from 2 Arms to 4 Arms (rated value). Using the designed parameters listed

in Table 3.2, the experimental tests are carried out with and without the proposed active

damping method.

For wres1, Which is lower than one-sixth of the sampling frequency, the system

cannot be stabilized without active damping (AD). Thus, removing the active damping

loop for this case causes a high oscillatory current as shown in Fig. 3.18(a). On the other

hand, Fig. 3.18(b) shows the stabilization effect of active damping loops.

| W

I‘HII \ | |le | I .H ‘

T

vg (100 V/dlv) g (10 A/dlv)

0
| |

L \‘\ \'
i H“. |”H||h Il M'i
| 'HI i

Time (20 msec/dlv)

(a)

les=4 Arms
—»

|gJ (2.5 A/dlv)

| e oo

(b)

Fig. 3.18 Experimental waveforms of grid current (ig) and grid voltage (vq) for wres1

=0.143ws (a) without AD, (b) with AD.

57



Chapter (3)

For wres2, wres3 and wress, the system can be stabilized without active damping as
shown in Figs. 3.19(a), 3.20(a) and 3.21(a). However, it can recognize the dynamic
oscillations which are caused by weak damping (there is some damping introduced by
the small resistance of the coils). Figs. 3.19(b), 3.20(b) and 3.21(b) show the waveforms
when using the proposed active damping loops. The mitigation of the dynamic

oscillations can be recognized when using the proposed active damping method.

I,,,=2 Arms I..,;= 4 Arms
S ] B@SAdy)
""" B S \

LN

(100 Vidiv) | |
T

Ve

I,.,=2 Arms L= 4 Arms

iy (2.5 A/div)

oo

v (100 V/div)

(b)
Fig. 3.19 Experimental waveforms of grid current (ig) and grid voltage
(vg) for wres2 =0.179ws (a) without AD, (b) with AD.
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I,=2 Arms I,,,=4 Arms

QS AMY)

. Time (4 msec/div)
(a)

L,,,=2 Arms I.=4 Arms

oI T NN

v (100 V/div) - L Time (4 msec/div)
(b)
Fig. 3.20. Experimental waveforms of grid current (ig) and grid voltage
(vg) for wresz =0.209ws (a) without AD, (b) with AD.

The resonance mitigation effect of the AD loop can be further clarified by plotting
the spectrum of the grid current with and without the proposed active damping method.
These spectrums are shown in Figs. 3.22, 3.23 and 3.24 at the resonant frequencies

Ores2, Wres3 AN wress, respectively.
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Without using AD loop, it can be recognized from Figs. 3.22(a), 3.23(a) and
3.24(a) that there is a significant current harmonic component, denoted as ires, With a
frequency equal to the corresponding resonant frequency in each case. On the other
hand, In Figs. 3.22(b), 3.23(b) and 3.24(b), it is shown that this resonance harmonic

component is completely suppressed.

I,.,=2 Arms 1= 4 Arms
15 (2.3 A/div)

- v, (100 V/div) | -

_ (a)_

I.,=2 Arms I.=4 Arms

| i, (2.5 A/div)

N N

- v (100 V/div): I Time (4 msec/div)
(b)

Fig. 3.21. Experimental waveforms of grid current (ig) and grid voltage (vg) for

wress =0.241ws (a) without AD, (b) with AD.
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e Y@ sooma taske )
(a) (b)
Fig. 3.22. Spectrum of the grid current (ig) for wres2=0.179ws (a) without active damping
loops (b) with active damping loops

m@' .5..0;]mA

D oma

~y.25kHe ')' - .N}© 5.00mA 1.25kHz ']
(a) (b)
Fig. 3.23. Spectrum of the grid current (ig) for wresz =0.209ws (a) without active damping

loops (b) with active damping loops

“roskiz ) U@ s.ooma
(a) (b)
Fig. 3.24. Spectrum of the grid current (ig) for wress=0.241ws (a) without active damping
loops (b) with active damping loops

m@' 5.00mA 1.25kHz 'j

For experimental verification of its ineffective damping for resonant frequencies
of more than one-sixth of the sampling frequency, the capacitor current based AD
method has been used for the resonant frequency wres2 (=0.179ws), and Fig. 2.25 shows

the corresponding experimental waveforms. It can be seen that the resonant current
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oscillations are still present in this case. On the other hand, the damping of the proposed
AD method at the same resonant frequency has been clarified in Fig. 3.19(b).

The above-introduced results, along with the frequency response analysis
introduced in the above numerical example, reflect satisfactory steady state and
transient performances along with resonance damping over a wide range of resonant
frequencies using the proposed active damping method and the control parameters

tuning steps.

I,.,=2 Arms I,,s=4 Arms

iy 2.5 A/div)

-

Vg (100 V/div) |

- Time'(4 'msie'c/dii'v')' E

Fig. 3.25. Experimental waveforms of grid voltage (vg) and grid current (ig) using
capacitor-current-based AD at wres2 =0.179ws.

3.7 Summary

A novel active damping strategy using two feedback loops of the grid current and
filter capacitor voltage is proposed in this chapter. Compared to the previous active
damping methods, the proposed one can offer the following merits.

Compared to the capacitor-current-based method, the cost can be reduced by omitting
the high cost current sensor. Moreover, the non-minimum phase behavior can be

avoided over a wide range of resonant frequencies.
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e Compared to the capacitor-voltage-based method, the proposed strategy can behave
effectively over a wide range of the resonant frequencies without stability violations.

e Compared to the grid current based method, a straightforward co-design method for the
fundamental current regulator and the active damping loops are proposed.

A numerical example has been introduced to verify the performance of the proposed
method over a wide range of resonant frequencies. To show the superiority of the
proposed method, the drawbacks of the capacitor voltage/current based methods have
been clarified. This example along and experimental results reflect the satisfactory

performance of the proposed method.
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Synthesis of Grid-Current-Based Active Damping

for the LCL Filter Resonance

4.1 Introduction:

Compared to other active damping techniques, Grid-current-based active damping
is more preferred where there is no need to additional sensors or complicated control
algorithms. Ideally, this needs an s? term in the active damping loop [117]; however, it
is not implemented practically due to the associated noise amplification. One approach
to overcome this issue has been introduced in [117], [119] and [120] where the s? term
is replaced by a high-pass filter (HPF). However, the following challenges can be
identified when handling with this approach:

e Identifying the parametric influence of the HPF on the open loop system stability
of the digitally controlled system at certain resonant frequency.

e Extending the resonant frequency range over which unstable open loop behavior
can be avoided.

e Straightforward co-design steps for the HPF along with the fundamental current
regulator to meet pre-specified behavior.

This chapter investigates active damping of grid-connected LCL filter resonance
using HPF of the grid current. By extending the signal flow graph manipulation of the
active damping method introduced in the previous chapter, a new expression for such

HPF is derived in terms of the filter components. This expression facilitates a detailed
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study for the actively damped filter behavior in discrete time domain. Limits for the HPF
parameters are derived in order to avoid excitation of unstable open loop poles which,
upon excitation, can worse the damping performance and the system robustness.
Moreover, straightforward co-design steps for the HPF along with the fundamental
current regulator are presented. To investigate the system performance, a numerical
example at different resonant frequencies is introduced. Finally, the experimental work

is presented.

4.2 Proposed HPF Form for Active Damping

The grid-connected single phase inverter considered in the previous chapter along
with the block diagram of the proposed active damping system presented in the previous
chapter are shown in Figs. 4.1 and 4.2, respectively. A proportional-resonant (PR)
controller with a transfer function of G¢(s) is employed for fundamental current
regulation. It is expressed in (4.1) with w, = 2nf, where w, and f, are the

fundamental grid frequency in rad/sec and Hz, respectively.

K-S

G(s) = K, + (4.1)

S2+w?

51\ S3\

52) 54\T—|.i

Fig. 4.1. Asingle phase inverter connected to the grid through an LCL filter.

v,.O

Actively Damped LCL Filter Foew(s) l‘fg
iref . Y, L 1 4 1 lg
G.(s) g sl ? [T sz,
Gad(s) :a Gi (S)‘— vC

Fig. 4.2. Block diagram of the active damping strategy presented in chapter 2.
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By further manipulation for the proposed active damping system presented in the
previous chapter, the capacitor voltage feedback can be shifted towards the grid current
to produce single feedback loop of the grid current with a transfer function of Gad-¢(S);
this transfer function is expressed in (4.2) where w;, = Hy/L;. The manipulated system

is shown in Fig. 4.3.

sBa(Li+Lg)
1+s/wp

v
i"?léiilg

sC
Gad—g (S) X

Gad—g(s) = (42)

Iref

Fig. 4.3. System block diagram with a HPF of grid current.

Expressing the HPF gain in terms of the filter inductances helps to clarify the
different system characteristics in terms of the filter parameters and in turn, makes the

tuning steps simple and straightforward as indicated in the following sections.

4.3 Discussing the Effect of HPF Parameters

4.3.1 System Discretization

Fig. 4.4 shows the system discrete representation where the digital signal processor
(DSP) delay is modeled by one sample delay. Gig(z) and G¢(z) are the discrete transfer
function the un-damped LCL filter and the PR controller. They have been determined
in the previous chapter and are re-written here in (4.3) and (4.4) respectively. Gadg(2) is

determined using Tustin approximation and expressed in (4.5).

I ________ T .

iref GC(Z) 711G (z) I

|
>0
I
I
| Gad—g (Z) < |

Fig. 4.4. Discrete representation of the grid-current-based AD system.
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_ Ts (1-a)z%2-2(cos(8)-a)z+(1-a)
Gig (Z) - (Li+Lg)( (z-1)(z%2-2z cos(8)+1) ) (43)
_ sin(w,Ts) z2-1
GC(Z) o Kp + Ky 2w, (z2-2zcos(w,Tg)+1) (4.4)
-1
Gad—g (Z) = Kad ZiTad (45)
where
_ Sin(wyesTs)
6= wreSTS1 @= wreze;s ) '
(4.6)
K _ 2wpPa(Li+Lg) _wpTs—2
ad=9 = T2 “aa = wpTs + 2

and Ts denotes the sampling time.

To generalize the analyses, both wres and wn are expressed in terms of the sampling

frequency (ws) as in (4.7). Then, the expressions in (4.6) are re-written in (4.8).

Wyes = ﬁreswsv wp = ﬁhws (4-7)
_ __ sin(2mBres)
6= Znﬁresa a — Znﬁres
K — ZwSﬂhﬁd(Li+Lg) w — 2y —2 (4'8)
ad-g 2nfp+2 ad ™ onpn+2

Using (4.3), (4.5) and (4.7), the discrete model of the actively damped filter

(Fnew-g(2)) is expressed in (4.9).

z71Gi4(2) T
1-2"1Gqq(2)Gig(z)  (Li+Lg)

Fnew—g (z) =

(z+a)ad)((1—a:)z2 -2 (cos(6)—a)z+(1—a))

AT ((1-a)z*~2(cos(8) -z +(1-a)|

(4.9)

(z-1) [z(z+wad) (z2-2z cos(8)+1)—

Only the gain of Fnew-g(z) depends on the specific values of the sampling frequency
and the filter inductances. On the other hand, zeros and poles of Frew-g(z) do not depend
on these specific values; they depend only on Sy (gain-multiplier of HPF), fres (ratio of

wres 10 ws) and S (ratio of wh t0 ws). From (4.9), Frewg(z) has one constant pole at z=1
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and four other poles depend on f4, fres and fh: two resonant poles at the resonant
frequency of Frew-g(z), and the other two poles will be called non-resonant poles.

Since the PR controller, expressed in (4.4), does not have unstable poles, the
stability of the open loop system (T,pen (2) = Go(2) Frew-—g(2)) is implied only by Frew-
g(2), and in turns, by Sq, fres and fh. In the next sections, detailed study is introduced to

investigate the effect of fa, fres and Sn on the stability of Frew-g(2).

4.3.2 Discussing the Effect of HPF Parameters

In Fig. 4.5, the pole-map of Frewg(z) is plotted by sweeping ph from 0 to 0.5
(corresponding to wn equals Nyquist frequency) at constant value of fq (S4=1;
corresponding to HPF gain of Li+Lg) and three values of Bres (Bresi<Bres2<press;
corresponding to different resonant frequencies). The following remarks can be
revealed from this plot:

1. Beside the constant pole at z=1, one of the non-resonant poles is also constant at
z=1; the second non-resonant pole tracks entirely inside the unit circle for all

values of Sres (its track direction is not shown to make the figure clear).

o 0.2
x
<
3
£ —B.,=0.15
g ﬂresZ = 02
A —B.., =027
-1 0 1
Real Axis

Fig. 4.5. Pole-maps of Frewq (z) with sweeping fh (at fa =1 and different fSres).
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2. The tracks of the resonant poles start from some point on the unit circle
(corresponding to undamped LCL filter). By increasing fh, the resonant poles may
track entirely inside the unit circle (as for fres1), Or it may track entirely outside
the unit circle (as for fress), or it may initially track outside the unit circle before
tracking inside the unit circle above certain value of fh (as for fres2).

From the second remark, it is expected that there is a maximum limit for Sres above
which Frew-g(z) is unstable in the range of fh (<0.5). This maximum limit will be
denoted as Sres-max (Corresponding to resonant frequency of wres-max). At Pres-max, the
tracks of the resonant poles should track outside the unit circle and end by intersection
with the unit circle at $,=0.5. Based on this understanding, fres-max Can be determined
by plotting the pole-map of Frew-g (z) with sweeping fres at constant value of h=0.5.

To investigate the effect of HPF gain variation, this pole-map is plotted for
different values of Sq. Two regions of Sq are considered; (0<f4 <1) and (f4 <0) as shown
in Figs. 4.6 (a) and (b), respectively. In this plot, fres is swept from 0.1 to 0.45.
Theoretically, fres can be extended to 0.5; however, due to the resonant frequency
variation with discrete implementation, the resonant frequency should be adequately
far from the vicinity of the Nyquist frequency [64]. From these figures, the following
remarks can be revealed:

1. For 0<g4<1:inFig. 4.6(a), the resonant poles track initially inside the unit circle
before tracking outside the unit circle above certain value of fres=fres-max. It IS
observed that all the tracks of the resonant poles intersect with the unit circle at
certain point corresponding to resonant poles denoted as Pi12. Accordingly, for
0<f4 <1, Fnewg(2) is stable only for resonant frequencies below certain value of

(Wres-max (:ﬁres-maxa)s)-
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Fig. 4.6. Pole-maps of Fnew-g (z) With sweeping fres at fn=0.5 and different values of fq.
(@) 1>r>0. (b) r<0

2. For p4<0: in Fig. 4.6(b), the resonant poles track initially outside the unit circle
before tracking inside the unite circle above certain value of fres; this value will
be denoted as fres-min. Furthermore, it is observed that all the tracks of the resonant
poles intersect with the unit circle at the same point corresponding to resonant
poles P1,. For low values of Sy in this region and with increasing fres above Sres-
min, ONE Of the non-resonant poles tracks outside the unit circle above -certain value
of Sres corresponding to one of the non-resonant poles at (-1,0). This value will be
denoted as fres-high. Accordingly, for certain value of fq <0, Fnew-(2) is stable only
over certain range of resonant frequencies between @res-min (=fres-minws) and res-
high (=Pres-highs). By decreasing fq in this region, the range between Sres-min and
Pres-nigh shrinks till it vanishes at certain fq corresponding to Sres-min=/res-high. This

value of g will be denoted as fg-» with corresponding Sres denoted as Sres-b.
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4.3.3 HPF Cutoff Frequency Variation at Different HPF Gains

For the two regions of r (0<fs <1 and f4<0), the above analyses are respectively
repeated in Figs. 4.7, 4.8 and 4.9 for three values of S, 0f 0.4, 0.3 and 0.2, respectively.
It is shown that, by decreasing fh, the resonant poles P12 move to the right on the unit
circle. The performance in the two ranges of S is still the same: for 0<f4<I, Fnew-g(2)
is stable below certain value of fres= fres-max; Tor fa<0, Fnew-g(z) is stable over certain

range of Sres-min <Pres< Pres-high.

2 2
< <
> o
g g
£ >
£ E
-1 0 1
Real Axis Real Axis
@) (b)

Fig. 4.7. Pole-maps of Frew.g () at fn=0.4 with sweeping fres for (a) 0<fy<I, (b) S4<O0.
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£ Is)
2 :
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Fig. 4.8. Pole-maps of Frew-g () at fn=0.3 with sweeping fSres for (a) 0<fy<I, (b) S4<O0.
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Fig. 4.9. Pole-maps of Frew-g (z) at fn=0.2 with sweeping fres for (a) 0<pu<I, (b) Ss<0.

4.4 Reqions for Stable Open Loop System

From the above discussion, the stability of Frewg(z) in the two regions of f4 can be
identified for certain /3, as follow:
1. 0<fu<l1; for certain fg in this region, Fnewq(z) is stable only for resonant
frequencies below certain value of wres-max-
2. 0>p¢> fa-v; for certain fq in this region, Frew-g(2) is stable only over certain range
of resonant frequencies between wres-min aNd wres-high -
The values oOf fres-max, Sres-min, Bresb and fa-b can be determined for certain value
of S as follows: at fres-max OF Sres-min, it Was shown that Frew-g(z) has five poles:
one pole at z=1, two resonant poles at P12 and two non-resonant poles (will be
denoted as Ps and P.). Accordingly, the denominator of Frew-g(Z) at Sres-max OF Pres-

min Can be expressed as in (4.10).

den(FneW (Z))l =(z—- l)(z + Pl,z)(z —P)(z-P,) (4.10)

.Bres—max/ﬁres—min
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By expanding (4.10) and equating its coefficients with the denominator
coefficients of Frew-g(z), expressed in (4.9), the expressions of (4.11), (4.12) and (4.13)

can be derived to determined fq, Ps and P4 respectively.

_ 2mppt2 cos §—Real{P; 7}
Pa= 4mBn  (1-a)-Real{P;,}+a—cosé (4.11)
P = %(2 0S8 — waq — 2Real{P, ,} —
2 16mBaBr(1-a)
J(20058 — ua—2Reatfp )+ EEE) 012
— b fr(1-@) @.13)

* T (@npn+2)Ps
Fig. 4.10 plots B4 along with the magnitudes of Ps and P4 versus fres-max/fres-min at

pnof 0.5. Using this figure, it can be implied that:

1
b B —i
res—min i

ﬁres—%dr

Fig. 4.10. HPF gain factor (f4) along with |Ps| and |Pa| versus fSres-max/fres-min at fr=0.5.

1. For 0<fq <1, the minimum limit of Sres-max IS corresponding to f¢ =1 and denoted as
Pres-a. FUrthermore, by decreasing r, fres-max increases till reaches its maximum limit

at f4=0. On the other hand, for 0>f¢>f4b, the maximum limit of Sresmin iS
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corresponding to Bd-min = fa-b. Furthermore, by increasing fd, fres-min decreases till it
reaches its minimum limit at f4=0. At f4=0, both Sres-max and Sres-min have the same
value which is denoted as frescr and expressed in (4.14) by substituting f4=0 in
(4.112). It is shown from Figs. 4.7 till 4.9 that decreasing fh causes right movement
for the poles P12 on the unit circle; and, in turn, increasing of real{Piz}.
Accordingly, from (4.14), Sres-cr decrease as Sh decreases; and, in turn, the maximum
value for fres-cr is corresponding to ,=0.5 at which real{P12} is determined from
Figs. 4.6(a) or 4.6(b) as -0.111. By substituting this value into (4.14), the maximum
value of Sres-cr is determined as 0.268. Therefore, for 0<f4<1, Fnew-g(2) can be stable
only for resonant frequencies less than 0.268ws.

__cos~(Real{Py 7})
Bres—cr =

(4.14)

21

For 0>f4> fd.b, both fa. and fres-n are corresponding to one pole of P3 or P4 at (-
1,0).Thus fSa-b and fres-o can be determined from Fig. 4.10 by locating their values at
unity magnitude of Pz or Ps.

Pres-high 1S not corresponding to resonant poles at P12, it is corresponding only to

one pole of Pz or P4 at (-1,0); so, it cannot be determined from Fig. 4.10. However, at

high values of fq in its second region, the non-resonant poles track entirely inside the

unit circle over the entire range of Sres as shown in Figs. 4.7 (b), 4.8 (b) and 4.9 (b) (e.g.

the non-resonant poles track entirely inside the unit circle for 54 of -0.1 and -0.2). Hence

the stable range of Frew-g(z) can be extended to Sres-high 0f 0.45 (the maximum considered

limit of Sres) using high values of fq in its second region.

Then, using Fig. 4.10, the stable regions of Frew-¢(z) can be re-identified at constant

ph as follow:

FOr fres < Pres-a, Fnew-g(Z) can be stable only in the first region of fg (0<f4 <1).
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2.

3.

For Bres-a<fres<fres-cr, Frew-g(z) can be stable only over certain range in the first
region of S4 between 0 and the value of fq corresponding to fSres in Fig. 4.10.
For Bres-cr<fres<pres-b, Fnew-g(z) can be stable only over certain range in the second

region of S4 between 0 and the value of 4 corresponding to fSres in Fig. 4.10.

4.5 Control System Design

45.1 HPF Cutoff Frequency Tuning (8 tuning)

To tune fh, the pole-maps of Fnewg(z) are plotted with sweeping gh for different

values of Sres in the two identified regions of fq:

First region; 0<f«<1, the pole-maps are plotted in Figs. 4.11 (a), (b) and (c) for
three values of r at 0.2, 0.5 and 0.8 respectively. In each figure, three fres values of
0.17, 0.2 and 0.24 are considered (these values are less than fres-«=0.268; above
which positive f4 cannot be used for the stability of Frewg(z)). By increasing fh, the
resonant poles may track entirely outside or inside the unit circle or it may initially
track outside the unit circle before tracking inside the unit circle with increasing fh.
To ensure the stability of Frew-g(2), high S should be adopted. Theoretically, fh can
be extended to 0.5; however, such value can deteriorate the discretization process.
A value of ,=0.4 will be adopted. At this value, Srescr and fres-a are determined by
plotting the pole-map of Frew-g(z) With sweeping fSres at any constant value of fq (any
of the pole-maps in Fig. 4.7(a) or Fig. 4.7(b) can be used). From these figures,
real{P1.} is determined as -0.0562. Using (4.11), (4.12) and (4.13), Fig. 4.12 plots
Sq along with the magnitudes of Ps and P4 Versus fres-max/fres-min in the first region
of fa. From this figure,frescr and pres-a are determined as 0.188 and 0.259
respectively. Then the first and the second regions of fres at fn=0.4 are identified as

Pres< 0.188 and 0.188<fres<0.259 respectively.

75



Chapter (4)

Imaginary Axis

Real Axis
(@

Imaginary Axis

Real Axis
(b)
1 -
<
2 0 >
£
<
E
1
-1 0 1
Real Axis
(©

Fig. 4.11. Pole-maps of Fnew-g(z) With sweeping fh at different Sres and different
values of r in its first region (0<fq4<I). (a) f+=0.2, (b) f3=0.5 and (c) £4=0.8.
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Fig. 4.12. HPF gain factor (f4) along with [Ps| and |P4| versus fres-max at h =0.4.

Second region; 0>f¢> fa-», the pole-maps of Frew-g(z) are plotted in Figs. 4.13 (a),
(b) and (c) for values of fq at -0.2, -0.4 and -0.6, respectively. In each figure, three
Pres values 0f 0.3, 0.34 and 0.38 are considered. By increasing fh, the resonant poles
may track entirely inside the unit circle or it may initially track inside the unit circle
before tracking outside the unit circle with increasing fh. From these pole-maps,
using a medium value for Sh (0.25) is a good tradeoff to ensure the stability of Fnew-
o(2). At this value, frescr and Sresb can be determined by plotting the pole-map of
Frew-g(z) With sweeping fres at any value of f4 (f¢=1 is used) as shown in Fig. 4.14
(a) from which real{P1 .} is determined as 0.0653. Using (4.11), (4.12) and (4.13),
Fig. 4.14 (b) plots S4 and the magnitudes of Pz and P4 Versus fres-max/fres-min in the
second region of f4. From this figure, fres-cr and fres-b are determined as 0.239 and
0.395 respectively; also B4 is determined as -0.875. Then the third region of fres at
pn=0.25 is identified as 0.239</es<0.395. Note that, as indicated previously, for
values of 0.395</es<0.45, higher values of S in its second region has to be adopted

to stabilize Frew-g(2) (e.9. -0.1 and -0.2).
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Fig. 4.13. Pole-maps of Fnew-g(z) with sweeping fph at different fres and different
values of B4 in its second region (0>p4> fu-b). (8) fa=-0.2, (b) fs=-0.4 and (c) fa=-0.6.
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Fig. 4.14. At pn=0.25, (a) Pole-map of Fnewg(z), (b) HPF gain factor (fq) along with |P3| an
|Pa| versus Bres-min.

o If Bresis between 0.239 (Bres-cr at fn=0.25) and 0.259 (Bres-cr at ph=0.4), either Sn of

0.25 or 0.4 with the corresponding regions of S4 can be used.

4.5.2 Control Parameters Design

The design objectives of the overall system are:

1. To ensure the stability of Frewg(z).

2. To meet pre-specified values of fundamental loop gain (T#) and crossover
frequency (wc).

The equivalent s-domain model, shown in Fig. 4.15, is used to design the control

parameters.
Actively Damped LCL Filter Fpop-u(S)
: ' \VAN
| : 1 1 Ir71 i
ref i g
G (s G, (s -»é)-»— — H@)-——h=
:(s) «®) sk % sC sk
Gad—g (S) -

Fig. 4.15 S-domain representation for the discrete control system.
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It can be shown that the equivalent s-domain actively damped filter has the same
transfer function as the proposed system presented in the previous chapter. So, the same
relations to determine the PR controller parameters, k, and kr, can be employed here.
These relations are re-written below.

K, = w.(L; + Ly)A, (4.15)

Tro
K, = wo(L; + Ly)A, - 10720 (4.16)

where A, =1+ B2 —2B,c05(1.5Tsw.) & A, =+/1+ B2 —2B4cos(1.5T;w,)

Substituting of (4.15) and (4.16) into (4.4), G¢(z) is expressed in terms of Sy and

the pre-specified quantities as in (4.17).

Tfo
wo(Li+Lg)Ap1020 -sin(w,Ts)(z%-1)
2w, (2z2-2z cos(w,Ts)+1)

Go(z) = w(L;i + Ly)A, + (4.17)
From Fig. 4.4, the discrete closed loop transfer function is expressed in (4.18).

Gc(2)Frew-g(2)
1+Gc(z)Fnew—g (2)

Terosea(2) = (4.18)
Using the above-addressed expressions, the control parameters are co-designed as
follow:
1. Check the value of fres; if Bres < 0.259, use high ph (0.4); if fres>0.259, use medium
Sn(0.25).
2. Using (4.11), (4.12) and (4.13), plot 4 along with |P3| and |Pa4| versus Sres-max/fres-min
for the adopted fh and determine B4 corresponding to fres.
3. ldentify the range of Sy for stability of Frew(z) as follow:
a. For fres<0.188, the stable range is 0< f4<1.
b. For 0.188 <fres< 0.259, the stable range is from 0 to the value of fq in its first
region corresponding to Sres.

c. For fres>0.259, the stable range is from O to the value of fq in its second region

corresponding to Pres.
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4. Use the adopted pn along with the pre-specified quantities (Tr and w) to plot the
pole-map of Teosed, €Xpressed in (4.18), with sweeping fq over its identified range
in step 3. Select the value for fq corresponding to the farthest poles inside the unit
circle.

5. Use the selected fq to determine Kp and K from (4.15) and (4.16) respectively.

4.6 Numerical & Experimental Verification

4.6.1 Numerical Example

Table 4.1 presents the parameters of the system shown in Fig. 4.1. Four
capacitance values, corresponding to fres 0f 0.146, 0.197, 0.296 and 0.379 are used to
verify the proposed tuning steps. These values are respectively denoted as frest, fres2,
Press and fress With corresponding resonant frequencies denoted as wrest, res2, wresz and
wress respectively. Tr is specified as 65 dB, and wc is specified as ratio of the

corresponding resonant frequencies as follows: 0.3wres1, 0.25wres2, 0.22cwres3 and

0.18wress.
Table 4.1
System parameters

Symbol Quantity Value
P Rated power 1 kw
Vg Grid voltage 120V
Fo Grid Frequency 50 Hz
Vic DC Voltage 220V
Li Inverter side inductance 2.75 mH
Lg Grid side inductance 12mH
C Capacitance 22.2 puF, 12.2 yF, 5.4 pF, and 3.3 pF
fsw Switching Frequency 8 kHz
fs Sampling Frequency 8 kHz
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At the beginning, a value of ,=0.4 is adopted for fres 0f 0.146 and 0.197. On the
other hand, a value of $,=0.25 is adopted for fres of 0.296 and 0.379. Then, for these
values of S, Figs. 4.12 and 4.14 (b) plot S4 Versus Sres-max/ fres-min. From Fig. 4.12, pqfor
Pres2 is determined as 0.83. From Fig. 4.14 (b), Sa for Bress and fress are determined as -
0.48 and -0.84 respectively. To complete the tuning process, the pole-map of Tciosed(2)

are plotted over the corresponding stable range of 4 for each value of Sres as follow:

0<f4<1 for fres1=0.146 (<0.188).

0</34<0.83 for fres2=0.197.

0>/34>-0.48 for fres3=0.296.

0>/4>-0.84 for fresa=0.379.

Then, values of Sy corresponding to farthest closed loop poles inside the unit circle
are selected as 0.24, 0.16, -0.12 and -0.18 for frest, fres2, Pres3 and fresa respectively.
Finally, K, and K, are determined from (4.15) and (4.16). Table 4.2 lists the designed

control parameters along with the experimental results introduced later.

4.6.2 Experimental Results

Using the experimental set-up described in the previous chapter, experimental
investigations have been conducted using the designed parameters listed in Table 4.2.
The experimental work has been done at the four resonant frequencies considered in
the above numerical example using the corresponding designed control parameters.
The control scheme has been implemented using PE-Expert3 platform that consists of
C6713-A DSP development board along with high-speed PEV board for analog-to-
digital conversion and PWM gate signals generation. To verify the transient
characteristics, the rms value of the reference current (lref) is stepped up from 4.167

Arms to 8.333 Arms (rated value).
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Fig. 4.16. Experimental measurements of grid voltage (vg) and current (ig) for
Pres1=0.146, (a) without AD, (b) with AD.

For wrest, which is lower than one-sixth of the sampling frequency, the system
cannot be stabilized without active damper (AD). Thus removing the active damping
loop causes high oscillatory current as shown in Fig. 4.16(a). On the other hand, Fig.
4.16(b) shows the waveforms when using the active damping loop. These waveforms
indicate clearly the stabilization effect of the active damping loop for resonant

frequencies less than one-sixth of the sampling frequency.
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For wres2, wres3 and wress, the system can be stabilized without AD. However, with
increasing the grid side inductance, the system stability can be violated. Moreover,

oscillatory resonant currents can be generated in this case.

I,.,=4.167 Arms I,s=8.333 Arms
«——

B ig_[é Addiv]
\

(@)
I,.,=4.167 Arms I..,=8.333 Arms

«——>

i[5 A/div]

N
AR

»

e [O0 VAV © | [4msec/div]

(b)
Fig. 4.17. Experimental measurements of grid voltage (vg) and current (ig) for
Pres2=0.197, (a) without AD, (b) with AD.
For wres2, Fig. 4.17(a) shows the waveforms without using AD. It can be
recognized the oscillatory resonant currents in this case. These oscillatory components

can be much worse if the grid voltage contains some harmonic components around the

resonant frequency. Fig. 4.17(b) shows the waveforms when using AD. It can be
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recognized the mitigation effect introduced by AD in this case. Finally, for wresz and

wresa, Figs. 4.18(a) and (b) show respectively the waveforms using AD.
L= 4.167 Arms I.;=8.333 Arms

i i, 5 Aldiv]

110 msec/div]

@)
I,.,=4.167 Arms I.=8.333 Arms

i [5 A/div]
N

VAvA
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ve [100 V/div]

”('b)””'

Fig. 4.18. Experimental measurements of grid voltage (vg) and current (ig) with
AD at: (a) ﬁres3:0.296, (b) ﬁres4:0.379.

At steady state conditions, Table 4.2 presents the measured fundamental current

component ( Iy, ), the power factor (PF), and the steady state error (ESS:

|(Ire — 11)/Ires | * 100).These results reflect satisfactory steady state and transient
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performances along with resonance damping over the entire possible range of resonant
frequencies.
Table 4.2

Designed Parameters & Experimental Results

C Designed Controller Experimental Results
ﬁres
(MF) bh r Kp Ky lg1 Ess PF
222 | 0146 | 04 0.24 6.84 1678 8 0.04 0.999

12.2 | 0.197 0.4 0.16 8.41 1854 8.01 0.039 0.999
5.4 0.296 | 0.25 -0.1 14.01 | 2427 7.98 0.042 0.999
3.3 0379 | 025 | -0.18 | 15.56 | 2600 8.03 0.037 0.999

4.7 Summary

This chapter investigates active damping of LCL filter resonance using HPF of the
grid current feedback. A new expression for this HPF, in terms of the filter components,
has been derived. This expression facilitates a general stability study for the actively
damped filter. Through discrete time domain investigation for the actively damped
filter, three regions of resonant frequencies have been identified for stable open loop
behavior at certain HPF cutoff frequency. These regions cover wide range of resonant
frequencies up to 0.39 of the sampling frequency. Moreover, straightforward co-design
steps for both the HPF and the fundamental current regulator have been proposed.
Numerical example and experimental work have been introduced. The results show that
good steady state and dynamic performance along with resonance damping can be
obtained over wide range of resonant frequencies using the proposed co-design steps of

the control parameters.
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Chapter 5:

Conclusion and Future Work

5.1 Conclusion:

Out of this search, some important conclusions can be summarized as follows:

1.

Observer-based-active damping method has been investigated. The observer

poles are selected to be faster than the plant poles. This in turn, facilitates a

separate design for the fundamental current regulator along with the active

damping coefficient to meet pre-specified values of cross over frequency and

damping behavior. The results show that the observer-based system offer a

good damping behavior without the need for additional sensors. Moreover,

compared to sensor-based system, it offers lower switching ripples.

A novel active damping strategy using two feedback loops of the grid current

and filter capacitor voltage has been proposed. Compared to the existing active

damping methods, the proposed strategy can offer the following merits.

a. Compared to the capacitor-current-based method, the cost can be reduced
by omitting the high cost current sensor. Moreover, the non-minimum
phase behavior can be avoided over a wide range of resonant frequencies.

b. Compared to the capacitor-voltage-based method, the proposed strategy
can behave effectively over a wide range of the resonant frequencies

without stability violations.
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c. Compared to the grid current based method, a straightforward co-design
method for the fundamental current regulator and the active damping
loops are proposed.

Grid-current-based active damping using high-pass filter (HPF) of the grid

current has been investigated. Three regions of resonant frequencies have been

identified for stable open loop behavior at certain HPF cutoff frequency. These
regions cover wide range of resonant frequencies up to 0.39 of the sampling
frequency.

Straightforward co-design steps for both the control parameters of grid-current-

based active damping method have been proposed. The results show that good

steady state and dynamic performance along with resonance damping can be
obtained over wide range of resonant frequencies using the proposed co-design

steps of the control parameters.

5.2 Future Work:

Studying the effect of using different sampling frequencies in the active
damping loops of the proposed active damping method.

Investigation the interaction between the developed active damping strategies
and the other control objectives such as harmonic suppression techniques.
Applying grid-inductance estimation techniques with the developed active
damping algorithms to increase the system robustness.

Investigation the effect of different scenarios which may occur with parallel

converters connection.
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