Chapter 4

Converter Stability Analysis

4.1 Introduction

Voltage Source Converter (VSC) has been widely used in industrial, commercial and re-
newable power generation applications. Out of many possible configurations, 3-phase,
3-wire is widely used. During the last decade the penetration of renewable energy sources
has increased around the world. This is due to the increased concern worldwide about
the carbon emission [336], [337]. The utilization of energy from uncertain and variable

sources has become possible with the use of these converters only.

For the purpose of study, analysis of VSC is carried out assuming the ideal operating
conditions of grid. But VSCs are never operating under such conditions in practical. In
relatively weak system, VSCs are subjected to various power quality disturbances, such as
unbalance voltage, voltage swell and swag, notches etc [338]. The occurrence of such dis-
turbances causes various problems like ripples in torque of generator and motor, increased
losses, abnormal tripping of protective devices, malfunction of sophisticated control sys-

tem, reduction in the expected life time of equipment etc [339].

There are two type of harmonics generated by VSCs. One is characteristic harmonics,
which are related to the switching frequency of the IGBTs inside the VSC. Another is,
non-characteristics harmonics. The voltage ripple on the DC side of VSC generates har-
monics on its AC side current. According to [122], the non-characteristics harmonics are

generated by the unbalanced voltage on the AC side. However the quantification of the
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magnitude of such harmonic is not simple and cannot be done with deterministic method.
The non-characteristic harmonics are considered as the steady state low frequency com-
ponents, which would not appear, if the grid voltage is balanced. The unbalance grid
voltage has fundamental frequency negative sequence components and third order posi-

tive sequence component.

Though, it is possible to eliminate zero sequence third harmonic component using
transformer of the proper vector group. But, the non-characteristic third order posi-
tive sequence harmonics cannot be eliminated with transformers having Delta connected
winding. In reference [125], the author has proposed DC voltage control to eliminate DC
oscillating voltage, when AC side is unbalanced. To achieve this, VSC has to operate
with constant AC power control. However, the effect of control on AC current is not
discussed. It is important to analyse the distorted and unbalanced AC side current, when
such control is implemented. In this case, the currents of AC side of converter contain
non-characteristics low frequency component such as fundamental negative sequence and

third harmonic component.

In this chapter, the analysis of output impedance of converter with different output

filters and different controller topologies have been given.

4.2 Modelling Of Voltage Source Converter

The DC current I, is flowing to the DC side of VSC. V. is the instantaneous voltage
across the capacitor and i4. is the instantaneous DC current. The Quality Factor of DC
capacitor is assumed high, so the series resistance is neglected. The instantaneous active
power is supplied by the renewable energy, i.e. Wind Turbine, source to the grid. The
instantaneous current I is supplied by the external source. It is equal to zero, when VSC
operates as a reactive power compensator. The block diagram of VSC control structure is
depicted in the figure 4.1. The control system consists of (i) Voltage Control (ii) a Phase
Lock Loop (PLL) (iii) Current Reference Calculation block (iv) Current Control. The real
power reference is calculated by the PI controller, which considers the DC voltage and
desired active power through the VSC to the grid. The instantaneous reactive power is

calculated by the separate loop, which may consider either the desired power factor or the



Chapter 4.  Converter Stability Analysis 251

reference voltage. The d— ¢ frame is synchronised with the positive sequence fundamental
voltage of the grid at PCC with the help of PLL. It converts three phase voltages V,, Vy, V.
in to V' and Vq+. Which are converted in the alpha-beta reference frame voltages V,, and
Vs. Then current reference is obtained by the o — 8 to a — b — ¢ transformation. These
reference currents are compared with actual current and modulating signal m, and m,
are generated. These signals are finally transformed into m,, my, m. to generate Pulse
Width Modulated (PWM) signal. Both Switching Frequency and Grid Voltage distortion
can cause poor power quality. A filter design is a subject requires trade of between
filter performance and the control bandwidth. Filters are required to meet power quality
standard, avoid parallel resonance and improve power quality. Inverter for grid interfacing

will need to incorporate interface filters to attenuate the injection of current harmonics
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Figure 4.1: Control Structure of Grid Connected Wind Converters

4.3 Impedance Based Stability Analysis

This method was proposed in [8]. The system impedance is partitioned into source and
grid impedance. The source impedance is either represented by Thevenins Equivalent
circuit or Norton Equivalent circuit. In Thevenins equivalent circuit consists of ideal
voltage source in series with the series impedance (Z5). Whereas the load impedance
is modelled by series impedance (Z;). Since the converter circuit is non-linear, it is
represented by the small signal circuit. This linear representation of circuit is valid only
for the small perturbation of signal only. With this assumption, the current (I) flowing

from source to load is given by
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I
Source ] Z : Load

Figure 4.2: Thevenins Equivalent Circuit
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Which can be rearranged as,
| 1

7 Vs (4.2)

S Zs(s)

Zi(s) 1+ 705)

System Stability analysis is based on the assumption that, the source voltage and load
impedance remain stable, i.e. V(s) and 1/Z(s) are stable. So, the stability depends on
the extreme right hand side of equation (4.2). It is given by

H(s) = — 577 (4.3)

The close observation of equation (4.3)) reveals the important characteristics. It is a
transfer function with unity gain and feedback equal to Z,(s)/Z;(s). According to the
linear control theory, the H(s) is stable, if and if only, when ration Z(s)/Z;(s) meets
the requirement of Nyquist Stability criterion [8]. In the above analysis for stability, it
is assumed that the source is ideal voltage source and it remains stable under unloaded
condition. However, the grid connected inverters are usually current controlled. Hence
above analysis is not much useful. So, the source should be represented as a current
source. To arrive at the equivalent current source, the same small signal voltage source

is modified. The voltage across load is given by

V(s) = =+ (4.4)
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By rearranging equation (4.4),

(4.5)

Figure 4.3: Norton’s Equivalent Circuit

Similar to the above analysis, the current source is assumed to be stable under un-
loaded condition. The load is stable when connected to ideal current source. Under this
condition of I(s) and 1/Y;(s) are stable. Under this condition, stability of V'(s) depends
on stability of second term of equation (4.5). This is again resembles the closed loop
transfer function with negative feedback. The gain is unity and the feedback factor is
Ys(s)/Yi(s). Therefor the system is stable, if along with above conditions, it meets the
Nyquist criterion. In equation (4.5) admittances are used instead of impedance. Though,

the analysis still can be carried out in terms of the impedances. In this case equation

(4.5) becomes,

1
Z

V(s) = IS(S)ZI(S>m (4.6)

It is important to note the requirement of stability. In the voltage source model, the
output impedance of source should be as low as possible (ideally zero), whereas in the

current source model, the output impedance should be as high as possible (ideally infinite)

4.4 Grid Connected Inverter

The modelling of Impedance of grid connected VSC has a very important use in analysis

of stability and resonance phenomena when converter is integrated into the grid [122].
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Grid connected converter used in renewable sources is modelled as a current source in
parallel with an impedance i.e. Nortons equivalent circuit [122]. The stability of grid
connected inverter can be determined by Nyquist criterion [340]. The control structure of
most of the VSC is developed in the rotating d — ¢ reference frame [164]. The Phase Lock
Loop (PLL) is used to synchronize converter with grid [341]. The use of complex multiple
loop control structure introduces non-linearities. These are generally overlooked in the
simplified low order modelling [342]. On the flip side, the detailed model introduces
complexity and cross-couplings between various terms, which makes the determination
of output impedance cumbersome. The trade-off way suggested in some literatures to

linearize the model by small signal analysis technique.
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Figure 4.4: Converter Output Circuit

The impedance of Converter interconnected Generator is affected by various factors
such as control parameters, PLL, switching delays and converter harmonic filters. The
converter is basically controlled by output current signal. In above figure (4.4), i; is the
converter current and i, is grid current. The converter is controlled either by #; or 75 or
by difference (i; — i2). If the grid current is the control variable, then the current control

loop is given by,

Yo(s) = Gpi(s)Gp(s)Yai(s) (4.7)

Where, Y5, is the forward trans-admittance of the filter. Gpy is Proportional Integral
type current controller and Gp(s) is the switching delay. Here, the converter output
voltage is considered as pure sinusoidal, if there is a noise in the voltage, then it needs to
be considered as a disturbance signal. If, the converter is controlled by taking converter
current 7, then Ys; is replaced by output conductance Y;;. The forward trans-conductance

Y5 is given by,
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3¢
Yo1(s) = 4.8
21(5) Liflof + ZoypZsy + L1523 (48)
The simple transfer function of PI type current controller is given by,
ki
Gpr =k, + " (4.9)

Higher order controller also can be used for current control, but here simple PI con-
troller is considered for sake of simplicity. The delay has been approximated by Pades

approximation technique. It is expressed mathematically as,

1

Gp(s) = ———
o(8) = T 7570

(4.10)

The frequency response of output impedance can be plotted with different short circuit
level (i.e grid strength) of the grid to check the stability by observing Gain Margin (G M)
and Phase Margin (PM). The phase at the zero gain gives the Phase Margin (PM) and
gain at phase angle of 180° gives the Gain Margin (GM).

4.5 Phase Lock Loop (PLL)
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Figure 4.5: Phase Lock Loop (PLL)

The Phase Lock Loop (PLL) is basically a PI controller. So, the structure of PLL
should be thoroughly assessed for stability assessment. Proper structure of PLL and
control scheme helps to mitigate adverse impact on the system. The purpose of PLL is
to synchronize converter with grid. Harmonics in the grid may penetrate to converter
through PI controller. If, control parameters are not properly chosen, this may produce
harmonics through circular effect. Figure (4.5) shows the block diagram of PLL. The
detail block diagram is given in figure (4.6).
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Figure 4.6: Block Diagram of Simple Phase Lock Loop

GPLL(S) == f(S,U),k) (411)

Figure (4.6) is the traditional Second Order Generalized Integrator Quadrature Signal
Generator (SOGI — QSG) PLL. This can filter out higher order harmonics. Where u;
is the input signal and wu;, ¢, are two output signal, which are in quadrature. k is the
damping coefficient and w is the output angular frequency of PLL. Equations (4.14) and
(4.15) shows the transfer function of PLL.

Gi(s) = U (4.12)

u; = [(u; = u;)k —u;—] X — (4.13)

Gi(s) = 4 = o s (4.14)

u; S2+kw's+w'?

qu; kw'
H(s) = & _ 4.15
() = = F s e (4.15)

In traditional SOGI-QSG PLL, the DC component in the input signal is not suppressed
by the PLL. To overcome this problem, a minor modification is made in above PLL. The

modified PLL is shown in figure (4.7).
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[ 1—=][= 1—]

Figure 4.7: Block Diagram of Modified Phase Lock Loop

Transfer functions of modified PLL is given by equations (4.16), (4.17) and (4.18).

This structure reduces the tracking error of PLL.

£ ks?
F: =4 = 4.16
2(5) u;, S+ kw's + w'? (4.16)

kw's
=t = 4.1
Ga(s) w (k+1)s24+kw's+ (k4 1)w? (4.17)

qu; kw'?
G =12t = 4.18
2(5) u  (k+1)s2+kw's+ (k+ 1w (4.18)
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Figure 4.8: Frequency Response of Simple Phase Lock Loop
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The bode plot of one of the PLL used in ref [12] is given here. The bandwidth of the
PLL is 33 Hz. It attenuates harmonics of 1 kHz to -30dB. However, the effect of PLL with

other controllers and output filter needs to be investigated for crucial stability analysis.

4.6 Damped Passive Filter Topologies

Different type of passive filters are used in converter based renewable generation sources.
The effectiveness of filter, particular passive type, is primarily depends on the grid strength
and variation of grid impedance with time. L-C-L is the common type of filter used widely.
The variation in grid impedance affects the performance of L-C-L filter. Hence, the design
of L-C-L filer is a trade-off between robustness and damping of resonance. The effective

impedance with a simple PI controller is explained here with R-L filter topology.

4.6.1 R-L Filter

PR-Current
filter Controller

Figure 4.9: Grid Connected Inverter with R-L Filter

Applying KVL at the converter output gives,

VC — Vpoc = Ifg(Rfc + SLfc) (4.19)

Converter output is controlled by output current,

Ve = f(Iyg) (4.20)
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With simple PI controller, the output becomes,

Vo= (ky+ )Ly, (421)

Putting equation (4.21) itto equation (4.19),

ki

(kp + g)([fg) —Vreoc = Ig(Rye + sLy.) (4.22)
ki
(kp + ;)(ffg) — Ity(Rye + sLyc) = Vpoc (4.23)

(5" Lye + 5(Rye — kp) — ki)
s

7, =

(4.24)

s+a)(s+f)

ZO:(

(4.25)

Considering (a < f3).

The above equation (4.25) shows that, there are two zeros and one pole. First, the out-
put impedance decreases at -20 dB per decade up to first zero at a. At «, the impedance
response becomes flat and at 3 the impedance starts increasing at 20 dB per decade. So,
the response of an integrated filter becomes similar to that of series resonance filter. The
selection of av & B depends on the parameter selection of L., Ry., k, and k;. Bode plot for
R-L filter without and with the PI current controller has been given in figure (4.10) and
(4.11) respectively. The value of resistance Ry, varies for fixed value of other parameters
(Lfc =4mH, k, =12 and k; = 11.6).
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Bode Diagram
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Figure 4.10: Frequency Response of Impedance with RL Filter without PI Controller
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Figure 4.11: Frequency Response of Impedance with RL Filter with PI Controller
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Now, the analysis is done with inclusion of PI controller. From figure (4.11), it can be
inferred that as the filter resistance decreases, Phase Margin PM improves. The Quality

Factor of R-L filter plays important in the stability of converter.

4.6.2 L-C Filter

L-C filter is used in converters for industrial applications like a Variable Frequency Drive
(VFD) and Uninterrupted Power Supply (UPS). It is simple in construction and relatively
less costly. The analysis of L-C filter with PI controller is given here.

Figure 4.12: L-C Filter

As per the standard practice, the value of L is selected such that its impedance at
fundamental frequency should not drop voltage more than 3% of rated voltage. The
capacitive reactance offers 1/5" of the fundamental inductive reactance at the switching
frequency of converter (around 3 - 4 kHz) to absorb harmonics effectively. Based on these
criteria L — C' filter has been designed widely. The frequency response of L — C' filter with
and without PI controller is given in figure (4.13) and (4.14) respectively. It is clear from
the difference in bode plot that PI controller changes the frequency response. The filter
parameters are L. = 4mH and C = 5uf’. The inherent resistance of the capacitor and

inductor has been neglected.
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Figure 4.13: Frequency Response of LC Filter without PI Controller
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Figure 4.14: Frequency Response of LC Filter with PI Controller
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It is apparent from figure (4.13) and (4.14) that, the frequency response of L-C filter is
completely changed by the action of PI controller. The value of PI controller parameter
k, and k; decides the Gain Margin (GM ), Phase (PM), Gain Margin Cut Off frequency
(weg) and Phase Margin Cut Off frequency (w.,). Here k, = 1.2 and k; = 11.6 is selected
for analysis purpose for L = 4mH and C' = 5uF.

4.6.3 L-C-L Filter

Initially, L-C filter was used for converter applications, but grid connected inverter has
unique requirements that L-C filter may not fulfil. Properly designed L-C-L filter may

overcome the drawbacks of L-C filter.

Ic L 1g
N\Iﬁr‘fv\;
v ’
C C : Vg

Figure 4.15: L-C-L Filter

Applying KVL,

(Vo + Lysly)
Vo=|—=2———=-+4+1 L. 4.26
( 1/8Cf -+ R + g s ( )

The converter output voltage V, is a function of the grid current I,. Then,
Ve = f(Iy) (4.27)

ki

Ve = (kp + ;)Ig (4-28)

Putting this in equation 4.26 and simplifying further gives,

Vy B ass* + ass® + ass® + ars + ag (4.29)
(—Ig) - b383 —|— b282 =+ b18 + b() '
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Where,
ay = L,Crk,
az = L,C¢k; + RCtLyk,
ay = RL,Cyk; + Lok, — Cy

a, = L.k;
ag =10

bs = L.Ctk,
by = L.C'tk;
by =0

bp =0

Lo =4mH, Ly = 0.4mH,Cy = 5uF, ky = 1.2, k; = 11.6
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Figure 4.16: Frequency Response of L-C-L Filter with PI Controller

The figure (4.16) shows the frequency response of L-C-L filter together with PI con-
troller. It is clear from equation (4.29) and from the figure (4.16), the PI controller
increases the order of filter, so the frequency response of passive filter gets changed by the

controller action.
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4.7 L-C-L Filter Design

The design criterion for filter design should comply with the regulatory requirement.
As per IEEE 519-1992 standard, the current harmonics for weak grid condition (/Iy./11)
should be less than 0.3%. The ripple is caused by Pulse Width Modulated (PWM)
signal. Output voltage varies from zero level to DC voltage level (V). The modulated
wave cause ripples in the current, which can be reduced by proper selection of output filter
parameters. Typical L - C - L filter has been used in most of the inverter. The Ly —C — Lo
filter has three unknown. The selection of these parameters depends on various factors.
Grid condition is one of them. The strength of the grid decides the effectiveness of filters
[343], [344]. Typical grid impedance varies from 5% to 8% with X/R ratio in the range
of 7 to 10 [298].

The switching frequency decides the ripple level and ripple frequency. Generally,
inverter switching frequency remains in the range of 3 to 5 kHz. The ripple current
is reduced either by increasing switching frequency or by using a passive filter at the
inverter /converter output. Higher switching frequency is selected to reduce the ripple
current at the generation point, but it adversely affects the converter (IGBT) losses [345].
The second option is to use a large inductor at the output of converter, but this not
only incur high cost, but also increases the core losses. Typically 20% ripple current is
expected in the output current. Keeping this in consideration, the inductor L; is given

by [346].

1 Ve
8 AILfsw

Vdc
0.2 x ]rated X fsw

(4.30)

1 = 1 X
8
The capacitor rating is selected such that the reactive power of capacitor is neither
too high nor too low. Higher reactive power demands more power from converter, which
cause more loss in reactor L; and also more loss in converter switches. A lower value of
capacitor will increase the inductor size. Keeping this into consideration, the capacitor

has been selected so that the reactive power should be in the range of 15% to 20% of the

rated power.

P
C;=015x ——
! w X V2

r

(4.31)
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There is no specific rule or guideline for value of Ly. It’s value is selected based on the

grid strength.

4.8 Results and Discussion

The filter design is critical from stability point of view. The desychronization of Grid
Inverter (Grid Inverter Tripping) has been widely observed in the field due to harmonic
resonance. The method of active and passive damping has been discussed in this chapter.

The results of active and passive damping are given here.

4.8.1 Passive Damping of Filter

4.8.1.1 Type—I Filter

In L-C-L filter, the damping can be achieved by simply adding series resistance in series
with capacitor C. It is obvious that large value of damping resistance (Ry) gives large
damping. But, damping is effective around the resonance point only [346]. Above the

resonance point damping weakens. Also, the large value of resistance cause higher losses

L1 L2 Lg Re
e W Grid
C

Rd

Figure 4.17: Type—I L-C-L Filter

Impedance of Type—I LCL filter with damping resistance is given by,

g Vo _ ass' +a3s® + azs® + ars + ag (4.32)
(_[g) 6282 + b1$ + bo
Where,
ay = LgL102

as — LlcQ(Rd + Rg)
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a9 — LngO + LlC
a; = Ly + CR4R,

ap = Ry

by = L,C

b1 = (R, + Ry)C
bp =1

Ly = 0.45mH, L, = 0.30mH, L, = 0.212mH, R, = 0.00952,C = 270uF, Ry = 0.0512 —
0.802

Analysis of frequency response of L-C-L filter with damping resistor is given in figure
4.18. The grid parameter are L, = 0.212mH and R, = 0.0095(2, whereas the filter
parameters are L; = 0.450mH, Ly = 0.300mH and C' = 270uF'. The damping resistance
R, is varied from 0.05(2 to 0.8(2. It is clear from the plot that, the response of impedance
is similar to inductive impedance. The notch is observed at the resonance frequency. The
notch can be smoothened with higher value of damping resistor R4. For small value of Ry,
a positive spike in gain is observed, which goes to negative with increase in value of Ry. If,
Ry is increased further, it dampens out the notch, but system remain marginally stable,
as the gain margin decreases to very low value and it can be observed from figuer (4.18).
The minimum value of R4 which brings the system into stable region is 1.01 2. At this
value, the gain margin is =~ —30d B, and phase margin is 9.23°. The gain margin crossover
frequency is 3950 rad/sec and phase margin crossover frequency is 4630 rad/sec. With
increase in value of Ry by 0.1 {2 reduces the gain margin to ~ —3dB and phase margin
to 2.1788°, which is very drastically reduction. So, the value of R, has to be selected very
carefully for this Type—I variant of L-C-L filter.
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Figure 4.18: Frequency Response of Type—I L-C-L Filter

4.8.1.2 Type—I1I Filter

In Type—II LCL filter, the damping can be achieved by simply adding a parallel com-
bination of resistor and inductor in series with capacitor C. The effect of inductor is
investigated using Bode plot. The inductor L; has been selected as a damping parmater
instead of resistor R;. The value of Ry is fixed and Ly is varied and the effect on frequency
response is observed. The value of Ry = 102 and L; is varied from 50pH to 500uH.
The effect of increase in Ly is observed using frequency response is given in figure (4.20).
At Ly = 50pH, the gain margin is 109.6d5B and phase margin is 90.44°. The gain mar-
gin crossover frequency is 2567 rad/sec and phase margin crossover frequency is 204.98
rad/sec. At Ly = 500 H, the gain margin is 85.35dB and phase margin is 89.80°. The
gain margin crossover frequency is 1912 rad/sec and phase margin crossover frequency is
204.62 rad/sec. So, from this result, it is inferred that the effect of inductor L; on phase
margin and phase margin crossover frequency is not much. However, it affects the gain
margin and gain cross over frequency. In fact, it reduces the gain crossover frequency

and bringing down near to lower order harmonics. So, it is verified that lower value of
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inductor Ly offers better gain margin and higher gain crossover frequency, which is very

vital from converter stability point of view.

Ly, L2 Lg Rg

- Grid

U Rf

Figure 4.19: Type—II L-C-L Filter

Impedance of Type—II L-C-L filter with damping Inductor and resistance is given by,

V. _ (1484 + a333 + a252 + a1+ ag <433)

g
(—Ig) b3$3 + b282 —|— b18 —|— bo

Where,
ay = CL1L¢(L,+ Lo)
as =LCLfR;+ CL1LyR;+ CRy(Ly+ Ly) + CRsLy(Lo + L)
as =L1Ly +CL1RfRy+ CLfRyR,+ Lf(Ls + L)
a1 = LRy + LyRy+ Ry(Ly+ Ly)
ap = Rs R,
by =CL;(Ly+ Ly)
bop=CLiR;+CLfR;+ CRs(La+ L)
by =Ly +CRsR,
by = Ry
Ly =0.45mH, Ly, = 0.30mH, L, = 0.212mH, R, = 0.009512,C = 270uF, Ry = 1042, L; =
50pH — 500uH
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Figure 4.20: Frequency Response of Type—II L-C-L Filter

270

From the bode graph, it is observed that the gain margin is 70 — 110dB for various

values of L;. Similarly, the phase margin is 90°. As the value of L; is increased, there

will be reduction in the gain margin.

4.8.1.3 Type—III Filter

In Type—III L-C-L filter, the damping can be achieved by simply adding parallel combi-

nation of resistor ¢ and inductor Ly in series with capacitor C. The effect of inductor is

investigated using Bode plot.

Inv.

L2 lg Ry

Grid

Figure 4.21: Type—III L-C-L Filter
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Impedance of Type—III L-C-L filter with damping Inductor and resistance is given by,

V. _ a484 + (1383 + CL282 + alsl + a080 (434)

Z, = —1
(—Ig) b383 + b282 + b181 + boSO

Where,
ay = CCyLi(Ly + La) + CL1L;Cy
as = L1CCyRy + CLyCyRy + CyL(Ly + Lg)
as = L1C+ Cy(Lo+ Ly)Ry + CrLsR,
ar = LCy+ CRyRy + (La + Ly)
ap = R,
by = CCy(Ly + Lg) + CLsCy
by = CCyR, + CCyR;
by = C;
by =0
Ly = 0.45mH, Ly = 0.30mH, L, = 0.212mH, R, = 0.009502, C = 270uF,C; = 1uF, Ry =
0.582, Ly = 2.8mH — 28mH
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Figure 4.22: Frequency Response of Type—III L-C-L Filter
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Impedance shows two resonance points, first is a parallel resonance and second is a
series resonance. At first resonance point, the output impedance increases and at series
resistance it is at the minimum value. To achieve damping effect, the value of inductor
Ly is varied from 2.8 mH to 28 mH for a fixed value of Ry and Cy. For Ly = 2.8 mH,
the gain margin is —13.13dB and phase margin is 63.82°. The gain crossover frequency
is 17390 rad/sec and phase cross over frequency is 16434 rad/sec. With Ly = 28mH,
the gain margin is —0.44dB and phase margin is 49.85°. The gain cross over frequency
is 5928 rad/sec and phase crossover frequency is 5142 rad/sec. So, the higher value of
inductor is not suggested as it brings down the gain and phase margin as well as crossover

frequencies.

4.8.1.4 Type—1V Filter

In Type—IV L-C-L filter, the damping can be achieved by simply adding parallel combina-
tion of resistor with capacitor Cy. The effect of resistor value has been investigated using
bode plot. To achieve the impedance reshaping, the value of resistor R; is varied in the
range of 0.5 {2 to 5 2. For Ry = 0.5 {2, the gain margin is —136.11dB and phase margin
is 90°. The gain cross over frequency is 278.38 rad/sec and phase cross over frequency is

34.51 rad/sec.

Grid

Figure 4.23: Type—IV L-C-L Filter

Impedance of Type—IV L-C-L filter with damping resistor R in series with capacitor
Cy is given by,

Vo ass' 4 a3s® + az5” + ars' + aps’
(_[g) b3$3 + b282 + b181 + bQSO

(4.35)
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Where,
ay = CCyLi(Ly + Lo)
az = CCyLiRy + CCyL1 R,
as = L1Cy+ L1C+ CyRy(La+ Ly) + Cr(Ly + Ly)
a1 = CyRs R,
ap = R,
by = CCy(Ly + L)
by = CCyR, + CCtRy
by =C;+C
bp =0
Ly =0.45mH, Ly = 0.30mH, L, = 0.212mH, Ry, = 0.009562, C' = 270uF, Cy = 1puF, Ry =
0.502 =52, Ly = 0mH
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Figure 4.24: Frequency Response of Type—IV L-C-L Filter

The response of Type—IV filter is similar to the tuned filter. The notch in frequency
response of impedance is observed at the resonant frequency. This notch can be damped

by putting higher value of resistor in series with the capacitor Cy. The phase of impedance
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sharply changes from —90° to 90°, It means, the nature of impedance turns from capacitive
to inductive. The ratio of Cy/C decides the damping effectiveness. Larger the C';/C ratio,
larger will be the damping. Also, with increasing value of C';/C ratio, the loss in resistor

Ry is also increase as more and more current tends to flow in it [347], [348], [349].

4.8.1.5 Type—V Filter

In Type—V L-C-L filter, the damping can be achieved by simply adding parallel combi-
nation of a resistor and an inductor with a capacitor C. The effect of inductor has been

investigated using Bode plot.

Inv, Grid
Cf
c

Figure 4.25: Type—V L-C-L Filter

Impedance of Type—V LCL filter is given by,

V. ass® + agst + azs® + axs? + ayst + aps®

0 _ 4.36
(_]g) b484 + b383 + b282 + b181 + boSO ( )

Where,
a5 = CCyL1L(Ly+ Lo)
ay=CCyLiLiRy + CCtLiR¢(Ly+ Lo) + CCyL1 LR,
a3 = CL;Ly +CCrL Ry + CrLyR(Ly + L)
as = L1CRy+ Ly(La+ Ly) + LyCyR¢R,
a1 =L+ Rg(Ls + Ly) + LR,
ap = Rs R,
by = L;CC¢(Ls + Ly)
by = LyCCtRy + L;CCyR,+ CCyRs(Ly + L)
by = LyC + CCyRy
by = R¢C
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by = 1
Ly = 045 mH, Ly = 0.30 mH, L, = 0212 mH, R, = 0.0095 2,C = 270 uF, C; =
1 pF, Ry =10 2—100 2, L; = 2.8 mH
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Figure 4.26: Frequency Response of Type—V L-C-L Filter

Type—V filter response has two resonance frequency. The first resonance creates
high voltage distortion, while second resonance point gives rise to current distortion. If
converter generates harmonics equal to this resonance, then there will be high voltage
distortion and current distortion. However, with lower value of resistance, damping can

be achieved. An additional inductor Ly can reduce the resistive loss.

4.8.2 Active Damping of Filter

Grid connected converters may not function stably under the harmonic resonance con-
dition. Harmonic resonance occurs when the converter impedance and grid impedance
becomes equal in magnitude and 180° out of phase. The converter is generally connected

to grid through filters, which is mostly L-C-L type. So, the parameters of L-C-L filters
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plays an important role in keeping the successful functioning of converter. Also, the control
structure of converter shape the output impedance of converter. So, the control parameter
should be selected such that, it keeps the converter in safe zone at all frequencies. This is
explained further here with analysis. The inverter output characteristics depends on sev-
eral factors like parameter of L-C-L filter, Grid impedance, type of controller and control
parameters. By selecting appropriate parameter, the inverter can be operated with re-
sistive output impedance, Inductive output impedance and capacitive output impedance.
Most of the inverters are operated with inductive (L) output impedance. This inverter is
known as L-inverter. Here it is explained that, how an inverter impedance can be made

capacitive (C-Inverter) with selection of virtual current control loop.

Iy
("'{ r ——
Vo
- Gy Gy ILN =
REF = T -
I 1 il I 8]

Figure 4.27: Block Diagram of Active Damping of Filter

G Gr ‘é- Kpwu

(1-BWV,Cs

8C's

Figure 4.28: Control Diagram of Active Damping of Filter

The output impedance of inverter is controlled by the virtual impedance. The single
line diagram of inverter with control loop is shown in figure (4.27) and (4.28). The control

has been implemented with current loop and voltage loop, which gives good tracking
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behaviour and good output voltage. The feedback of current is taken from branch between
the two capacitors. First capacitor has value of SC' and the second capacitor has value
of (1 — B)C. Thus, the overall value of capacitor is C. The output impedance of system

after adding virtual branch Gy is derived here.

1 1
N (R

Over a period, the average value of V,.; is equal to V,. Also, the value of I is equal

(Vies=Vo)Gu—17)G1—1;Gv) Kpwn—Vo) =V, (4.37)

to V,(1 — 8)C's. Putting this in equation (4.37) and then simplifying further gives.

V;,(—GUG[KPWM + (1 — B)CSG[K — PWM + (1 — B)OSGvaWM
+ pCs(Ls+71)+ (1 —p)Cs(Ls+r)=—1I,(Ls+r)

(4.38)

‘/o(_GUGIKPWM + (1 — B)OSKPWM(GV + G]) + CS(LS + T)) = —IO(LS + 7") (439)

_ Ve (Ls+r)
Zo - (_[0) B (_GUGIKPWM + (1 - B)CSKPWM(GV —+ GI) -+ CS(LS + 7.)) (440)

If, (1 — 8)CsKpwn(Gy + Gr) is made equal to Gy G Kpw s, then

(1 - 5)CSKPWM(GV + G[) == GUGIKPWM (441)

GuGrKpwu
(1 — ﬂ)CSKPWM

Putting equation (4.42) in to (4.40),

(4.42)

(Gy + Gy) =

Vo (Ls+r)
Zo = (=1,) COs(Ls+7) (4.43)
= Yo _ 1 (4.44)
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With the proper selected value of Gy, as shown above, the output impedance becomes
capacitive. So, by selection of proper control loop and control parameter, the shaping of
inverter output impedance can be effectively done. Also, the desired value of damping
can be achieved. This method is known as active damping method. Like this, inverter

can be made either L-Type or R-Type.

4.8.3 System Parameter for Converter Analysis

Table 4.1: System Parameter

Parameter Value

Switching Frequency | 4 KHz
Switching Delay 20 4 S

L. 4 mH
L, 0.4 mH
Cy 5 uF
k, 1.2
k; 11.6

4.9 Conclusion

The characteristics and response of impedance of grid connected inverter depends on the
various factors like selection of output filter, filter’s parameter, controller type, controller’s
parameter, structure of PLL, and the delay in switching of converter. In this chapter,
using first order PI controller and different types of filter, it is tried to explain in a sim-
ple way. The complexity of impedance increases with the order of the controller and its
structure. Also, the reshaping of inverter impedance can be done by selection of suit-
able control structure. By adding virtual impedance the output impedance can be made
inductive, capacitive or reactive without adding any additional hardware. In this work,
different variants of passive filters are explained and how their output impedance behaves

at different frequency is also explained with the use of Bode plot. The active damping
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method is explained, whereby damping is achieved without using resistor in the filter,
which is considered as a very energy efficient method of achieving damping. The output
impedance can be reshaped either by external hardware in the form of filter or by adding
virtual control loop in the controller. The stability of converter depends on how converter
output impedance interacts with the grid impedance. Numerous efforts have been made
and can be found in literatures to achieve the stability only by reshaping the impedance.
However, the stability region can be expanded by reshaping of impedance up to certain
extent only. Only reshaping of impedance doesn’t guarantee the converter stability with
changing grid condition. Also, converter is more likely to fall in an unstable region with
week grid condition, but reshaping of impedance helps to prevent converter based gener-
ation from going unstable. By analysing the output impedance in the frequency domain,
the controller parameters can be adjusted to reshape the output impedance. By increas-
ing the proportional gain of the PI controller, the magnitude of the output impedance
can be increased and can enhance the ability of harmonic rejection. By increasing the
integral gain of the PI controller, the phase of the output impedance can be increased to

improve the stability of system [350], [351].



