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EE-465 - W9

To be able to correctly exchange energy with the grid, knowledge about grid conditions is required:
» grid voltages, frequency, phase
» grid conditions are not constant and various disturbances are to be expected
» grid monitoring and synchronization must be fast and robust against disturbances
» phase-angle of the grid voltage is required to transform grid variable from abc-frame to dg-frame

Phase Locked Loop (PLL) is effective way for grid monitoring and synchronization
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Figure 1 PV double-stage grid connected converter.
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GRID SYNCHRONIZATION

Various techniques are available...
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GRID SYNCHRONIZATION TECHNIQUES

Normally, we are mostly interested into grid voltage magnitude and phase, assuming that frequency is relatively stable
Yet, often grid may be polluted with other harmonic components and they need to be correctly detected and tracked
Grid synchronization techniques can be classified into:

Frequency-domain detection methods: mostly based on some kind of form of Fourier Transform implementation
» the Fourier series
» the Discrete Fourier Transform (DFT)
» the Recursive Discrete Fourier Transform (RDFT)

» frequency domain analysis assume that the fundamental frequency of the processed signal is well-known

Time-domain detection methods: based on some kind of adaptive loop that is able to track components of interest of input signal
» the Phase-Locked Loop (PLL)
» the Frequency-Locked Loop (FLL)
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Figure 2 Basic structure of a PLL.
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THE FOURIER SERIES

Consider basic trigonometric relations:
A cos(nwt) cos(nwt) =

B sin(nwt) sin(nwt) =

A Cos2(nwt) =

B sin2(nwt) =

A cos(2nwt)
+ —

A

2 2

B cos(2nwt)
2 2

Multiplication of unknown sine/cosine signal by an unitary since/cosine signal gives:

» DC part - if the frequencies are the same (otherwise is zero)
» AC part at double the frequency, if the frequencies are the same

We could probe unknown signal with unitary sine/cosine signals to detect its amplitude, frequency and phase

A generic periodic signal v(t) can be expressed as a sum of the following terms (Fourier):

v(t) =ag + z (ay cos(nwt) + by, sin(nwt))

n=1
where:
1 /T
ap = 7 /0 v(t)dt
9 (T
an = T/o v(t) cos(nwt)dt =
9 (T
b, = T,/o v(t) sin(nwt)dt =
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ADAPTIVE FILTER BASED ON FOURIER SERIES

Based on the previous slide, selective band-pass filter can be implemented
» input signal is multiplied by sine/cosine basic functions
» constant grid frequency is assumed
» known grid voltage magnitude is assumed

» n defines the order of harmonics to be extracted at the filter output

The amplitude and the phase-angle at frequency of interest are:

V., = a2 + b2

Vi = Vsl
" nen {Gn = arctan Z—Z

The mean value of the signal is obtained using low-pass filter (LPF)
> the lowest frequency of interest (e.g. grid frequency, 50Hz)
» at LPF input, the lowest frequency is double of that (e.g. 100Hz)
» LPF cut-off frequency should be order of magnitude lower (e.g. 10Hz)
» thisimplies very slow dynamic response of the system

» this may not be sufficient for real-time grid monitoring
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Figure 3 Adaptive filter based on Fourier series decomposi-
tion.

polluti

Figure 4 PLECS implementation (example).

Power Electronics Laboratory



THE FOURIER SERIES - COMPLEX FORM

Using Euler’s identities, the Fourier’s coefficients can be calculated as

2 T ejnwt + e*jnwt
a ) cos(nwt)dt = —/ v(t) —————_—dt
w= 2 [ oteosmoniar = 2 [ o€
2 T Jnwt e*jnwt
b, = T/ )sin(nwt)dt = T/o v(t) 55 dt

Defining complex coefficient c,,:

we have (c;, is the complex conjugate of ¢,,):

[ee) (o)
jnwt * —jnwt
t):a0+che] +che]

. N . Sk
Finally, considering cg = ag,and ¢, |n<o = ¢ |n>0 We have:
Jnwt

o0 (o) (o) —00 (o)
inwt * —jnwt inwt inwt
v(t) = ag + Z cne’" N+ Z cne " = Z cne’ "+ Z cpe’t = ch
=1 n=1 n=0 n=-1 —00

This is the compact complex form of the Fourier series (positive and negative frequencies are considered)
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THE FOURIER TRANSFORM

If we consider pulse function defined as:

r
(i, 7T5t<7§ " 1?
_ T T
u(t) =1 7, —5 Sty
0, % <t<T
Lo X
Complex coefficients c,, can be calculated as defined before: 2 2
. f——
_ l —jnwt le T
tn = 7 /0 v(t)e dt

Figure 5 Rectangular pulse - Time domain.
If we assume that:

» period T is gradually made longer and pulse duration 7 is kept constant

» value of the integral remains constant

» while the complex coefficients c,, gradually become smaller (1/7)

» asT — 00, v(t) becomes aperiodic and all ¢,, are equal to O / \

With T = oo we can redefine sl

Viw) = Flolt) = /jo wlt)e T dt

Figure 6 Fourier Transform of a rectangular pulse -
Frequency domain.
Thisis known as Fourier Transform and it allows for continuous periodic and aperiodic func-

tions in time domain to be represented as continuous functions in the frequency domain.

E P F L EE-465 Power Electronics Laboratory



THE DISCRETE FOURIER TRANSFORM

In a digital signal world, the integral becomes the sum of finite number of samples, equally spaced in time
Discrete input signal is defined as (k = 0,1, ...N — 1)
v(kTs) = v(t)o(t - kTs)

where §(z) is the Dirac’s delta function, T’ is the sampling interval,and N is the number of samples to be processed.
NT defines the duration of repetition pattern of input signal and usually matches the fundamental period of interest
Replacing integral with summation, the Discrete Fourier Transform (DFT)is definedas(n = 0,1, ..., N — 1):

Z —j27r k n

k=0

The Inverse DFT is

N- n
Z j 27r k
DFT is a transformation, in which IV equally spaced samples in time-domain are transformed into N complex values in frequency-domain

The DFT could be used to extract fundamental frequency component of the grid voltage, however it is computationally demanding

Fast Fourier Transform (FFT) resolves computational burden, but is more suitable for grid monitoring than grid synchronization
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THE RECURSIVE DISCRETE FOURIER TRANSFORM

As DFT is computationally heavy, some simplifications are needed.

Consider DFT calculations to extract nth freq. component at instants (ks — 1) and

ks
ks—1 " ks o
ot ion
Vi), 1= vkle TN Vi, = v(k)e 7N
k=ks—N k=ks-N+1
Subtracting and reorganizing yields:
‘o ks 2 ks -N
-, TR - ™ n
V(n)e, = V(n)g, 1 +vlks)e * N" —u(ky - N)e 7" N
Since:
ks— N ks

eijWSTn _ e*j27r N n
The RDTF can be reformulated as:

ks

-j2m n
V(n)k, = V(n)g,-1 + (v(ks) - viks = N)le *°" N
and the nth harmonic component can be reconstructed as:

2

Lo
vlk) = 2 Vin)e "N "

vik]

Figure 8 PLECSimplementation (example).
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Basic operating principles
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PHASE LOCKED LOOP

APLL is a closed-loop system in which an internal oscillator is controlled to keep the time of some external periodic signal through the
feedback loop
The basic structure of a PLL consist of:

» Phase Detector (PD): the output signal is proportional to the phase difference between input signal v and the signal generated by an
internal oscillator v'. Depending on the type of PD, in addition to DC phase-angle difference signal, high-frequency AC components
appear as well.

» Loop Filter (LF): This block has a low-pass characteristic and filters (attenuate) the high-frequency AC components from the PD
output. Typically, this block is constituted by a first-order LPF or a Pl controller.

» Voltage Controlled Oscillator (VCO). This block generates at its output an AC signal whose frequency is shifted with respect to a
given central frequency w,. as a function of the input voltage provided by the LF.

There are several possibilities to implement each block of a PLL, and some of them will be reviewed...
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Figure 9 Basic structure of a PLL.
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ELEMENTARY PLL (1)

Elementary PLL: the PD as a simple multiplier; the LF as a Pl controller; the VCO as a sinusoidal function supplied by a linear integrator:

> inputsignal:  v(t) = V sin(f) = V sin(wt + P)
» VCOsignal: v'(t) = cos(6)') = cos(w't + ')

k
» PDoutput:  €,q = Vkpg sin(wt + @) cos(w't + @') = Vzpd [ sin((w — w')t + (@ - @) +sin((w + W)t + (@ + <I>'))]

low-frequency term high-frequency term
The LF will cancel high-frequency term, and assuming the VCO is well tuned (w = w'), the PD error DC signal relevant for analysis is:
Vk VEk
Epd = Tpd sin(w-wt+(@-9)) = &= Tpd sin(® - @)

While the multiplier PD produces nonlinear phase detection, for a very small phase error ® ~ ®', we can linearize PD output around that
operating point, since sin(@ - ‘1>') x sin(9 - 6") x~ (9 — 6'). Thus, once PLL is locked relevant term of the phase error signal is:

_ Vkpa .
€pd = 2p 0-0)

Last expression can be used to implement small signal linearized model of the muiltiplier PD.

PD LF VCO
v Epd’ 'l'!J:r !( wJ 6' v‘,
k k, + 1k J - @ I cos(x)
wL‘

Figure 10  Block diagram of an elementary PLL.
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ELEMENTARY PLL (l)

The average frequency of the VCO is determined as (w.. is the center frequency supplied to VCO; eg. grid frequency):
w'= (wc + AL‘_)I) = (wc + k'uco/l_)lf)

Small signal variations in the VCO frequency are thus:
w = kvcoﬁlf

Variations in the phase-angle detected by the PLL can be written:

@m:/dm:/mmmﬂt

Derived set of equations can be easily translated to the complex frequency domain using the Laplace Transform.

Please note that we are free to provide the center frequency w,. to PLL to speed up pull-in process.

PD LF VCO
v £y Vi w' ' v
k k +k J I"m }*’—bl—b cos(x)
mt

Figure 11 Block diagram of an elementary PLL.
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PLL - LINEARIZED SMALL SIGNAL MODEL (l)

Using Laplace Transform, we have:
PD LF

Epale) = 5 (00s) - O6l)  Vigle) = kpl1 + 75 Byl

vVCco

1 1
O(s) = Echonf(s)

Considering kpq = 2, kyco = 1, V = 1, we can write the open-loop phase transfer function:

k
1 1 kps + %
Hopr(s)= PD(s)- LF(s)- VCO(s) = 1 - kp(1 + T-s)'g = 5
(3 S
Closed-loop phase and error transfer functions are:
kps + kp
O'(s Hopl(s ST T Epals) 2
Her(s) = (s) . _Horls) _ : Ecp(s)= &3 =1-Herls) = 2
©(s) 1+Horls) k ky Os) > kp
s° + pS + Tz s° + pS + f
PD(s) LF(s) VCO(s)

) E, ¥
Q> "+{x (1 ]
Ts

Figure 12 Small signal model of an elementary PLL.
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PLL - LINEARIZED SMALL SIGNAL MODEL (Il

From these transfer functions we can conclude:

» Hop(s)reveal two poles at origin (52 ); type 2 system, able to track even a constant
slope ramp in the input phase-angle without any steady state error

» Hc 1 (s) reveal that PLL has low-pass filtering characteristic (attenuation of noise and

high-frequency signals)

These second-order transfer functions can be written as:

kp
kps + i
Hcep(s) =
2 ZP
5%+ kps+ T
&2
ECL(S) = k
82 +kps+ o
ST,
k k,T;
with w,, = %andfz 5 ‘
T

= Hgpls)=

= FEcrls)=

28wy s + wfl

s2 4+ 28wy s + w2

2
S

52+ 2bwps + w2

Tuning of Pl can be done considering dynamic response of the second-order system:
> settlingtime: t; = 4.67 for t1% FV,where 7 = 1/(€wy,)
» Plregulator: kj, = 28w, = 9.2/t;,and T; = 2¢/w,, = t:62/2.3
> Plregulator parameter k;, should be divided with magnitude of V,if V' # 1
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PLL RESPONSE (I)

Simulations results show PLL response when tracking:

>

>

>

single-phase grid voltage with 100V},cq
disturbed by angle jump (+45°) and frequency jump (from 50 to 45 Hz) at t = 100m.s
settling timeist, = 100ms, & = 1//2
wp, =2w10rad/s

0 L

pollution|
Step freq

i > -

Step phase

Figure 15 Elementary PLL (PLECS example)
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Figure 16  Elementary PLL pull-in withw, = 0
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Figure 17 Elementary PLL response (w,. = 2750)
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PLL RESPONSE (I)

Several parameters are often used to describe PLL performance:

The hold range Aw g7 is the frequency range at which PLL is able to keep itself phase locked:
Awp = kpg - kyeo - LF(0)

where LF(0)is the DC gain of the loop filter. For Pl controller LF(0) = co

The pull-in range Aw p is the frequency range at which PLL will always became locked (process may become slow).
The time T'p can be calculated as:

~ ﬁ Aw?n
~ 16 Ewg

Tp

where Aw;,, is variation in input frequency

The lock range Awy, is the frequency range within which PLL locks within one single-beat note between the reference frequency and the
output frequency.
The lock range and lock-in time for PI LF can be approximated as:

=

D 27

Awp, » 28wp = 2§ T, TL ~ 5~

Wn

The pull-out range Aw po is the dynamic limit for stable PLL.
If tracking is lost within this range, a PLL will become phase locked again after a time longer than T';, but shorter than T'p.

Awpo ~ 1.8w, (€ +1)
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ELEMENTARY PLL ISSUE

Bandwidth of a single-phase PLL has to be low to smooth oscillations in detected frequency
and phase

Simulations show, that without center frequency supplied to VCO (eg. w. = 0), pull-in time
is much longer (around 2s) than expected (around 300m.s)

Part of error comes from assumption that frequency signal to be phase-locked is much Bode Diagran

higher than the PLL bandwidth so that high frequency term can be neglected. o~

Grid frequency is very close to PLL cut-off frequency (=~ 21.3 H z), and double-frequency \\'\
termis not properly attenuated (100 H z)

Thus, a simple multiplier PD is not sufficient to cancel out signal at twice the grid frequency T

Phase (deg)

Grid input voltage

1
% A il .
-100 ) ’ Freaueney (1ad) ’
400 Grid angular frequency
[ Figure 19 Fr ncy r nse of H nd Ecr.
208 L gure 19 Frequency response of Hor, and Ec
Lk |
Grid angle
0.0 0.5 1.0 1.5 2.0 2.5

Figure 18 Elementary PLL pull-inwithw,. = 0
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PLL BASED ON QUADRATURE SIGNAL GENERATOR (1)

Assume we have an input signal: The same tuning as before:
>ty = 100ms, € = 1//2

v(t) = Vsin(0) = V sin(wt + ) A +0%rad/s T, ~ 96
wr, ~ +92rad/s, Ty, ~ 96ms

If we are able to obtain in-quadrature signal, using Quadrature Signal Generator (QSG):

viq(t) = =V cos(0) = -V cos(wt + @) HE A
LR AR LT AT
Then, PD based on QSG would cancel-out the oscillations at twice the input frequency: WIVILVIvRvY \\}O VAVAV IRV IRV IR DAV \y/
€pa = V sin(wt + ®) cos(w't + ') - V cos(wt + ®)sin(w't + )
= Vsin((w - ')t + (@ - @)
=Vsin(0 - 0') —
Vsin(wt+¢)

4 sm(w{ + ¢) Quadrature
+ —»| Signal

Ge tor
SV, sintkor+9,) neraer
k

nnnnnnnnnn

=V cos(wt +¢)

Figure 20 PLL with an ideal in-quadrature PD. Figure 21 PLL response with in-quadrature PD (w,. =

2750)
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PLL BASED ON QUADRATURE SIGNAL GENERATOR (Il)

If we recall Park Transform (6}, is replaced with 6'):

Vg | cosf  sin6' [va
vg| |—sin@ cosd'| |vg o..z..m...,e

Generak)r

and QSG output provides v, and vg from input signal v(t) as:

s []ev )

then output of PD based on Park Transform will be:

o= ] = V[ oo )

Even though we are dealing with single-phase grid, space vector notion can be used: Figure 23  PLL with the LF on the g axis of the QSG.

» LF will drive its input to zero
» if LFis placed on d-axis, grid voltage space vector will be aligned with g-axis
» if LF is placed on g-axis, grid voltage space vector will be aligned with d-axis
» once PLL islocked, grid voltage is real variable in dg frame

We will work with LF in g axis, so that i 4 control active, and i, reactive power

VCO block is replaced with Frequency/Phase Generator (FPG) block

Figure 24 Vector representation of the QSG output
signals.
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PLL BASED ON QUADRATURE SIGNAL GENERATOR (llf)

Figure 26  PLL pull-in with the LF on the g axis of the QSG.

Figure 25 PLL response with the LF on the g axis of the QSG.
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PLL BASED ON QUADRATURE SIGNAL GENERATOR (IV)

There are several other ways, how QSG can be implemented for single-phase grids

PLL based on a T'/4 transport delay v

» with T being the grid fundamental period, this is the simplest QSG % Y
p

» if grid frequency changes, fixed transport delay will result in errors

» if grid harmonic components are present, fixed transport delay is wrong
Figure 27 PLL based on a T/4 transport delay.

PLL based on the Hilbert Transform
» Hilbert Transform shift +90° phase-angle of input signal, depending on its sign

» it only affects the phase and has no effect on the amplitude

1 olr 1 =,
H(v)z;ﬁotgld(T):H*v

Figure 28 PLL based on Hilbert Transform.
where * describes the convolution product of the function h(t) = 1/t with the signal v(t)

PLL based on the Inverse Park Transform

» in-quadrature image of the input signal can be achieved

» filter is introduced in the loop of direct and inverse Park Transform
Vo | _[cosf —sinf'] [vq
- . U e
vg sinf —cosf | |vg
Figure 29 PLL based on the Inverse Park Transform.
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PLL IN 3-PHASE SYSTEMS

Based on the single-phase case PLL, there is a trivial solution for the QSG in three-phase system:

> Clarke Transform applied to balanced set of three-phase signals (v, , v, v..) will result in-quadrature signals (v, , vg)
» Park Transform can be used as before for PD
» LFandFPG can be placed in either of axes (g in our case)

» we will work with grid voltage aligned with d-axis of RRF

Va 2 1 -1/2 -1/21|%a
Vapg =[Tapl| vb | = 3 3 3 ||
2 2

Ve 0 Ve

Vg Vg
B Vo | _ 2 cos(8) cos(f — 27/3) cos(f + 27/3)
Vag = [Taq) {vﬁ} = [Taq[[Tap] Zb -3 [7 sin(@) —sin(@ —27/3) —sin(6 + 27/3) Zb
[To] ¢ ¢
_
v, v, v, =V" .
Vo —» [To] v, W [T pel
Ve —» » P| I >

ot >

Figure 30  3-ph PLL block diagram (simple and suitable for balanced grid conditions).
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SUMMARY

Basic PLL principles and properties have been presented:
» basic functions: Phase Detector, Loop Filter, Voltage Controlled Oscilator. Frequency/Phase Generator
» importance of in-quadrature signal generation
» use of Park Transform in PLL implementation

» simple 3-phase PLL is derived

Input stage (DC/DC) Inverter stage

PCC Grid

Grid filter i A
T
—T X

PV string
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Figure 31 PV double-stage grid connected converter.
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