Phase Locked Loop (PLL):
Vialty = V, cos (et + fiy),

Vis(t) = V; cos (nw + fig —

| § |y
e

Vielt) = Vi, cos (cunf + 8 —

{

?I“} Lt ﬁieﬂmwhﬂ_ ﬁ.l"|‘_fl_.fﬂr,.l = {'r}e—j,cﬂ_.l':l

—

Via = Vi cos(ant + ty — p),
i"'r.'.'q = l'ﬁ"r.'r sin(espt + g — p).

plt) = wot + Bo corresponds to Vsg = 0. Therefore, we devise a mechanism to regulate Vsg at
Zerd. Va Vb Ve

Vg
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This can be achieved based on the following feedback law:

{__A__TA- linear transfer function {compensator)

w(l) = H{P}M‘q{”

\,

W
abc/dq —qa-

po=di-)/dt
Vg = Vi sin(eot + 8y — p) dp 3
— 2 _ H(p)V, sin(oxnt + 6y — p)
D ) o ; /

dt

This equation describes a nonlinear dynamic
system, which is referred fo as PLL

The function of the PLL is to regulate p at wet + Bo. However, in view of its nonlinear
characteristic, the PLL can exhibit unsatisfactory behavior under certain conditions. For
example, if the PLL starts from an initial condition corresponding to p(0) = 0 and w{0) =0,
then the term Vs*H(p) sinf{wet + Bo — p) is a sinusoidal function of time with frequency we.
Then, if H{s) has a low-pass frequency response, the right-hand side and also dp/dt exhibit
small sinusoidal perturbations about zero, the PLL falls in a limit cycle, and p does not track

wet + Bo. 112



To prevent the limit cycle from taking place, the control law can be modified as:
wif) = Hip)Vip(t), w(l) =y and @pin = 0 = @y

wt) has the initial value w(0) = we and is limited to the lower and upper limits.

1) wmin and wma are selected to be close to we and thus to define a narrow range of
variations for w(t).

2) On the other hand, the range of variations should be selected adequately wide to
permit excursions of w(t) during transients.

If the PLL tracks weot + Go, the term wat + Bo - p is close to zero and
sinfwat + Bo—p )= {wot +Ba—p ).

do
Therefore: d—": = V. H(p)axnt + 0y — p)

This represents a classical feedback control loop in which wet + o is the reference
input, p is the output, and Ys*H(s) is the transfer function of the effective compensator
Compensator Saturation

gl + i 1:‘3 —D{ His) H%—mh 1 £ -
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the integrator is realized by means of a voltage-controlled oscillator (VC2). The VCO can

be regarded as a resettable integrator whose output, p, is reset to zero whenever it
reachas 2m.

1ia




Compensator Saturation

gl + By i 7, —»{ His) H%—mh 1 4 >

-

the reference signal, wet + e, is composed of two components:

1) aconstant component, that is, Go
Since the loop gain includes an integral term, p tracks the constant component of the reference signal with zzro
steady-state error.

2) aramp function, that is, wat.

To ensure 2 2ero steady-state error for the rEmp component, the locp gain must include at least two integrators.

A

Therefore, H[s) must include at least one integral term, that is, one pole at 5= 0. The other
poles and zeros of H|s) are determined mainly on the basis of the closed-lcop bandwidth
of the PLL and stability indices such as phase margin and gain margin.
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fssume that Vseec represents an unbalanced voltage with a negative-seguence
fundamental component and a fifth-order harmonic component ,as

Viabc 1 V1ach 3
Vialt) —ﬁvq cos (awpr + Gy Hf" 1»; cos (wt + ) }»

m-,,v cos (St + ds) . L Vsabe
r Viahe n Viach = 4y
Viplt) ='i‘r"Jr Cos | et 4+ fy — — }+*[fq Vieos | ant 4+ % —

3 3
g W5abc 4w
+ikj Vi cos (Sﬁ’ﬂf + b5 — T)

s Viabe
Veelt) ={'|r’} Cos (wur + 05— —

3
—hll  COS (Smnr +b$q - T)

k1l and k3 are the amplitudes of the negative-sequence (fundamental) and fifth-order
harmonic componeants, respectively, relative to the amplitude of the positive-sequence
(fundamental) compaonent.

Typically values of k1 and k3 are assumed to be 0.01 and 0.023, respactively. Howewver, under
single-phase to ground faults, k1 can be as large as 0.5.

Via
]H—fq V. cos (r‘uq]!' + fhy —
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the space phasor corresponding to Veabe is:

V. = Vefeortto) | g P o ilent+bo) o p (o ilSant+és)
if the PLL is under a steady-state operating condition, that is, p = wet + B, then

[Vrd = i:',; + ki f‘} cos (2apt + 26y) + ks f{., cos (6agt + Gy + @s) .
I_V-w = —k Vy sin (2ant + 26y) — ks V, sin (6wgt + By + s).

In addition to DT components, Vsd and Vsq include sinusoidal compenents with frequencies
21we and Gwo.

Between the two AC components of Vsg, the component with frequency Zwe is more
important. The reason is that (i) the frequency of this component is three times lower than
that of the other component and (i) the magnitude of this component, k1, can be
significantly larger than that of the other component, for example, during a fault.

One approach to attenuate the double-frequency component of Ve is to ensure that H(s)
exhibits & strong low-pass characteristic, However, this method may compromise the PLL
closed-loop bandwidth. Alternatively, one can include in H{s) one pair of complex-
conjugate zeros, at 5 = #j2weo, to eliminate the double-frequency ripple of V. The
advantage of this technigue is that the PLL closed-loop bandwidth is not sacrificed and can
be selected to be arbitrarily large. 117

Consider the PLL of Fe page 130 whose input is Vy,p- defined by Ea.232 where
wy = 2 x 60 rad/s and V; = 391 V. The objective is to design the PLL com-

pensator Hix).
Compensator Saturation

P
gt + By e His) —p% [ % T

;E:h

As explained before , H{(s) must include one pole at s = 0 and the
complex-conjugate zeros s = =+ j2awy. In addition, to ensure that the loop gain
magnitude continues to drop with the slope of —40 dB/dec for w = 2ay, a
double real pole at s = —2ay is included in H(s). Thus,

2 2
His) = m{: 5"+ (2eg) ~FG) H{s) is normalized such that the constant gain
i f}m 55+ 2eng }?- " of the loop gain h is independent af V*sn.

where f’",.,,, is the nominal value of ﬁ- and F(s) is the proper transfer function
with no zero at s = ().
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Based on the block diagram of Figure | the loop gain is formulated as

Compensator Saturation

mfﬁ"'ﬁll‘.?i‘ 1?'_,.. —= His) —F% & % £ -

, 2 + (Qwn)?
I‘:l:.'i'} ==
R o e

Fis.

Let us assume that we need a gain crossover frequency of w,. = 200 rad/s and a
phase margin of 60°. If h F(s) = 1, it can be calculated that ££( j200) = —210°.
Thus, to achieve the required phase margin, #( j200) must add 90" to Z¢( j200).
As discussed before , 4 lead compensator can offer an optimum phase
advance to the loop gain. In this example, the required phase advance is fairly
large. Consequently, F(s) can be composed of two cascaded lead compensators,

each to provide 45° at 200 rad/s. Thus, gt

; (s+1pm1)(s+[pm}) p=wa
Fis) = §

s+ p s+p s dsop Sinaf.’.‘.‘
l. = Hi.nam

dm 18 the phase of each lead compensator at w,. If &, = 45°

S BINE
F{“_(a—+482) :

h (s* + 568,516) (5° + 1665 + 6889)
52 (52 + 15085 + 568.516) (s> + 9645 + 232,324)

—> i) =

:thﬂnﬁ:ﬂluws from [£(j200)| = 1 and f{..-,, =391 Vthath =2.68 x 107, There-
are, h/Vy, = 685.42 and the final compensator is

685.42 (s> + 568,516) (5* + 1665 -+ 6889)

d/s)/V].
s (52 + ISQBS—E—SﬁETSIG) (:;3—1-95454_332.314) [(rad/s)/V]

H(s) =
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It 15 observed that |£( jw)| drops with the slope of —40 dB/dec, for

w <€ w, = 200. However, around w, the slope of | £( jw)| reduces to about —20
dB/dec and ££( jw) rises to about —120° at &0 = e, corresponding to a phase
margin of 607, Figure 8.6 also illustrates that |€( jw)| continues to drop with
a slope of —40 dB/dec for & = w,. This characteristic is desired as the AC
components of Vi, due to the harmonic distortion of Vi are attenuated. In
particular, at @ = 6ax. |£( jer)| is about —30 dB.

Figure shows that, from t=0 to
t=0.07s, the compensator
output is  saturated at

Start-up response of the PLL

wmin=2nix55radfs, therefore, & ¥
Ve and Ve vary with time. At £ °
about t=0.07s, V:g crosses zero =
and intends to become _
negative. Thus, H(s) increases = s
w to regulate Vi at zero. % g

Figure indicates that V. is
regulated at zero within 0.15 s, 6
It should be noted that if Wmn
is selected closer to wd, the
start-up  transient period
becomes shorter. However,
wmin cannot be selected too
close to w0 since the PLL
would not be able to quickly
react to other types of e ()
disturbance.

I
®

el

=]

g

———
— F
[==-¥ |

T i i e A o i tne]

Varg 1Y)
R
o 2

oS 02




Figure illustrates the dynamic
response of the PLL to a sudden
imbalance in Vse Initially, the PLL
is in 3 steady state. At 1=0.05s, the
AC system voltage VWsabc becomes
unbalanced such that vW*s and kl

undergo step changes, respactively,

from 391 to 260 V and from zero to
0.5, and at t=0.15 5, Vaabe reverts to
its balanced predisturbance
condition. In response to the
voltage imbalance, His) transiently
changes w, as Figure shows, to
maintain the DC component of Vzg
at zero. Figure also shows that Vzq
{and Va) includes a 120-Hz
sinusoidal ripple due to the
negative-sequence component of
Vaabe, The ripple is, howewver,
suppressed by H{s), and w and p
remain free of distortion.

Response of the PLL to a sudden AC system
voltage imbalance
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Figure depicts the dynamic Response of the PLL to a sudden AC system

response of the PLL to two frequency change

stepwise changes in we, the first
one from 2mx60=377radfs to
2m=63=395rad/s at t=0.05s, and

the other from 396 rad/s to

2mx57=358radfs at t=0.1s. As
Figure shows, Vs is rapidly
regulated at zero and w tracks
the changes.
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3 : :
Py = 3 [Via(0igle) 4 Viag(nig(r)] . ifthe PLLisina Pit) = %m{m{f}fd[,r}.
N steady state, -
0ul0) = 5 [~ VaalDliglt) + Vig(0)ia(0)] . Vig=0 040 = =2 ViglDig(t.

Therefore, Ps(t) and Qs(t) can be controlled by id and ig, respactively. Let us introduce

i 2
fdrefT) = EP;,,}H}.

2
ilf;rc_,f’“.} i 3_le Q.'rrff{.r 1.

Then, if the control system can provide fast reference tracking, that is, ie = ierer and ig = grer
then P: = Puer and Q: = Qerer , that is, Pet) and Q:{t), can be independently controlled by
their respective reference commands. Since Ve is a DC variable (in the steady state), forer
and fcrer are also DC variables if Pser and Qerer are constant signals. Thus, as expectad, the
control system in dg-frame deals with DC variables, unlike the control system in af-frame
that deals with sinusoidal signals.




{ur, + I.wu.:al + VM}.

where ug and Uq are two new control inputs.

then:
d:,-,r
dr
iy
dr

_{E + ran_:lid + Hdl

VSC Cuarrent Control: PO
| VEC system | Az
Y|« fraa clhve-power eantioller” | system
: . 0=
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Compensalons in n‘q—lmmﬂ . J”r-;
A
r:fu : ) Ve
l’ — = l‘--CL-H'I-iq = {H'l‘ rrrrrh;.l' i I"'rﬁ:.f = V;d- v{rf[” = 2 ’”d“.}u
dlq. Vi
. PP iy ; e DL
L= = —Lepia — (B+Fan)ig + Vig— Vag. V(1) = 5 ().
id , ig: state variables  Vid , Vig: control inputs  Vsd , Vsq: disturbance inputs
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iy . y
L-.:f_ = Lepig = (R + Fon)ig + Vg = Via, AC-side dynamics
T ey
|
i I L=
d—f — Lol —:.R+r;m:]i + qu V_ﬂ;l L'.'+1R+rm}_| i i
J I
) | Itk
Due to the presence of Lwe terms, dynamics |
of id and ig are coupled. To decouple the ! |
dynamics, we determine md and mgq as: : I
2 x |
my = L"_ (er4 — Lenpig + Vig ) I (L |
e ___ > feed-forwards V;u : | | .
LiiRar |1 e
-t

two decoupled, first-order, linear systems.
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Unlike the af-frame control where the compensators are fairly difficult to optimize and
typically are of high dynamic orders, ke(s)=ksls) can be a simple proportional-integral (Pi)
compensator to enable tracking of a DC reference command.

T .o S 17 ("-"1) o L
5 Ls/ s+ (R+ru)/L
It is noted that due to the plant pole at s = —( R + ry )/ L which is fairly close to the
origin, the magnitude and the phase of the loap gain start to drop from a relatively low
frequency. Thus, the plant pole is first canceled by the compensator zero s = —k; / k.
and the loop gain assumes the form £(s) = k,/(Ls). Then, the closed-loop transfer
function, that is, £(s}/(1 + £(s)), becomes

140 1 o
d{ﬂ s Gjl:-.i'} o . -k,u -’—u"lfh
Liref(s) us+l = R+

i should be made small for a fast current-control response but adequately large such that
1/u, that is, the bandwidth of the closed-oop control system, is considerably smaller, for
example, 10 times, than the switching frequency of the V5C (expressed in rad/s).Depending
on the requirements of a specific application and the converter switching frequency, T is

typically selected in the range of 0.5-5 ms. 130

Current Control Loop  Pewer Contral Loop




Consider the real-/reactive-power controller of Figure 8.3 with parameters L =
100 pH, B = 0.75 mS2, ron = 0.88 mQ, Vy= 1.0V, Vpe = 1250 V, and
fy = 3420 Hz. The AC system frequency and line-to-line rms voltage are gy =
377 rad/s and 480 V (i.e., Vg = 391 V), respectively. The transfer function of
the feed-forward filter is G fr(s) = 1/(8 x 10~ %5 + 1). The PLL

685.42 (5% 4 568,516) (s* + 1665 + 6889)

His)=
()= (57 + 15085 + 568,516) (57 + 96ds + 232,324)

Assuming a closed-loop time constant of r; = 2.0 ms

0.05s + 0.815

k{f(-”'.} = kq““] — |EJ
l"
132
s = ; | '
Z 9 4 i |
At t=0.155, the gating pulses are .- -2500) . 1
unbiocked and the controllers are ~5000 N N =
activated, while Psref=0sref=0. At
t=0.20s, Psref is subjected to a E T T P T T T ]
step change from 0 to 2.5 MW, At i smi |
100, P B sibjechd 5 S o] |
another step change from 25 to = : ; ! ; 3 ; ]
—-2.5MW. At t=0.35s, Osref is
subjected to a step change from 0 .5 10 T — . - —
5f - - -am-' LT 1 [ T e, N Sl WL O T 0|
o 1.0 MVAL ':5_'_ DH S {Mj] | . MY
= cyoi o ol SR SR o L L S
01 0.15 02 025 03 035 o
g ) ;
Figure confirms that id and ig are _ 4260 U T T e gl
well decoupied; it is observed that ".]:_ el : f”""r
ig remains regulated at zero white = T == iy
id is changing from zero to 4.26k4. 0 o iy
Ripples on the waveforms of id and
g are due to the pulse-width ; :
maodulation {FWM) switching side- il
band harmonics of WSC AC-side = a wilhl ) *NW.H o
currents, which are modulated by = TTI‘ﬁ'" |IIlI|~"'ILM"II’# '|''I'IF'WIJ.Illl‘hl".l."llrllrllll H##Hwﬁh*w‘l
60 Hz via the abc to dg-frame i :
0,185 l:l.".-_' 0.205 0.2 0. d‘l" o 22 0225

transformation.
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The synchronization system slowly varies the phase angle and frequency of the
island’s voltage to resynchronize with the grid voltage. All the gnd-feeding power
converters connected to such micrognd would be subjected to the reconnection
frequency and phase angle transients. so that this maneuver has to be made 1n a
stable and secure way.

The phase-locked loop (PLL) technology has extensively been used to synchromize

gnd-connected power converters with the gnid voltage.

The grid-forming power converters can be represented as an ideal ac voltage
source with a low-output impedance, setting the voltage amplitude E+ and
frequency w* of the local grid by using a proper control loop.

AC micro-grid
bus
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Centrolled-frequency VSC syatemn
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each phase of the VSC ACside M50iSfcccccccea., p |
terminals is interfaced with a three- i, !
: ! : : !
phase load via an interface RLC filter. V., R+r o i | '::> (o :
Thus, the control objective is to “';,"' R = i | ‘
regulate the amplitude and frequency oy L 3 Vio fui : Loa
of the load voltage, Vuse, in the V,| |Rer,L i | V., it }l
presence of disturbances in the load ™ e i :
current, e The RLC filter s : -ﬁ;:z:;_—t : i
: = T -
composed of a series RL branch and a | ; 0 I
shunt capacitor, Cx. e S ) B N i S

Cf: if load dynamic is known and the controller is designed regard with load dynamic then
Cf is not required, But, if controller design must be implemented regardless load
configuration and dynamic, Cf is required to ensure that the RL branch is terminated to a
node with some degree of voltage support. Cf provides a low-impedance path for
switching current harmonics generated by the V5C and thus prevents them from
penetrating into the load. Without Cf , harmonic distortion of load woltage, Vsabe, will
significantly depend on lead impedance at the switching frequancy and its harmonics.
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The current-controlled VSC and the filter capacitor deliver the real and reactive power (Ps,
Os) and (0, Qc), respectively. Theraefore, the effective power output of the controlled-
frequency VSC system of above figure, deliverad to the load, is (Ps, Qs + Qc).

Varef

g OF |
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Feed-omwad
! dg-frame current controller 'C:L”[rs} Fa
P PR RS A Aeactor dynamics
i ! Mg E Yy L T __-I
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@ 2 | 1% |
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1 i | |
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i : antd i i
___________________ T P [T ————— |
[ra—— ¥
Fiter b
ks + ki
e i B I =3
ka(s) = kgls) = ——. 14(8) = Gi() dreg(5) = —— Lires(s),
by = LIt ; Closed loop s+ |
=L/, =
1
ki = (R + ran)/Tic 1.(5) = Gi(s)] §)= —1 5).
(H+ ranb/Ti qr{ :' i ) :;re_lf{ } T{.!"l-l q're_f': } 140
dynamics of the load voltage are described by state-space equations:
i I )
I dr i Lir+
dV : dVy —= =
€ =Wl p—> Cy =1 =,
e oy ir
; =g —1Le-
dr J
F 4 i elell)
I = (fa+ jfg)e®
d : i ] e L fi i o
Cr— [(Vid + jVig) €] = (ia + jig) e® = (ira + jirg) €.

dl-"ﬂ; ) _f'_ril If the load is an ideal,
dp Cj' d-' = C;{wl-"f;q.j T+ 0d —=ilLd independent, current-sourced
@ =) —— | L, load for which s and iq are

) l‘“".w ; B RT- independent of Vsd, Vg, and
L At = —Cp(wVu)+ iy -U,r;;' w and can be assumed as
x 'x“__- disturbances or inputs.
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Generally, the load current compeonents, that is, iLd and iLg, can be regarded as outputs of
a dynamic system whose inputs are Vsd and Vsg. Thus,

”-lll -‘;1{'“!"1! TEEE T V'.':Fl V'n'jl‘”-f}

iLg | | B2lx1, %2, o0 Xne Vig, Vigo 0, 1) |
where x1{t), .. ., ¥n{t) are the state variables, and g1{-) and g2{-} are nonlinear functions of
their arguments. Dynamics of the state variables are governed by the equation

X .fI{Jf!r-’ﬁL ----- L V:dﬁ I"'Il.iq'- i )
| | St xn, Ve Vg 0,1)

di - :
Xy falxyoxa, oo xn. Vi, .P’rl.vh w 1)

where f1(), . .., fn{-) are nonlinear functions of their arguments.
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di | ) ' I ; Ky L
le_L=_RI'Iu+ Fiw — ¥l ri'" ‘r.l::r ri-' I :
divy _ a7 Ve
Ly—=—=Rlp+ Ve =V, Lop T g4V, "9 1 | g ;
it L pip + ¥ - o~ 'r-rrl
s I SE R :
Vo = TR Vae = Vans Ve fe | Me
i Ry, : | iy
. smtespace | _— = — i1y +wilg + — Vat = filira f1g Vi, Vig),
dTl - equation dr Ly Ly
Ly i = =8 +?.-. dflq R i
—_— = —mr'm — L—If-w + L_|Vw = f]'[f-lm f-lqh. de. VM]-

Output i " i ;
equation lpgd =g = gl("lﬁh Eigs Viis I""rm}-
- B

f.‘.q = I'I:,- = .E'E“Idrflq- Vid, Htr"l

in general, the dynamic system representing this load has two state variables, three inputs, and two

outputs. it is interesting to note that even if w(t} is a variable, system has nonlinear.

1a4

The control objective for the controlled-frequency VSC system is to regulate the amplitude
and the frequency of the load voltage, Vsabc.

Vialt) = V, cos (et + ), Vaarer = Vs
-~ 2
Varef £ V(1) = V; cos (wnr +fp — T)'
lI'nlllsql':f:':]

>

o 4
Vielr) = V, cos (.;.,m + o — ’T)

munp




The block diagram suggests that Vsd
and Vsq can be controlled by idres and
igref .

the system includes the impacts of
iLd and iLg. As shown before, even
for simple linear configurations, the
load dynamic model is typically of a
high order, strongly intercoupled,
time warying, and even nonlinear,
Consequently, the design of a control
scheme for this system that

1 MiMO spstem

Current-controlad]

o¥sG Capacitor dynamics]

guarantees the closed-loop stability i .'f_'f;i’ = € harVag) + g — It
or fulfills a prespecified dynamic g
performance is not a straightforward Crg = ) il =i,
task.
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the coupling between Ve and Ve is eliminated by a decoupling feed-forward
compensation . The feed-forward compensation is similar to the one utilized to decouple
id and ig in a current-controlled VSC and makes it possible to control Ves by ierer and Vg by

Iqref.
Flsaurarmenl fa
;urfantvmntmllad Capagitor dynamics
daxis compensator  'a| - Y5O - e
l""J:rfn-.l'— %4 ki) ol o S ! Ji .._!_-_ : ¥
x \""___ '\I,I r.;-n-] ' s
' Tt
Load
dynamics
i T
Vig
crl , y
| frey = itg — CplewVig) + iras
|\\4
lgref = ity + CpleoVig) + i1y 148

Transfer function ' #'*) and Yu!¥ .

Lils) = Gu(s)Ugls) = CpGils) £ {wVyy | + GulsHpalsy,
fyis) = Guislliyis) + C pGals) £ [wVag) + Goladd g e,

dVa
. - V. g =i e o) 3
Cr—" = CrloVig) +ia = itd — CrsVig = CrL{awV, } + 14(8) — Ipa(s)
1,-'” 4 ¥y n| ~
€ E{}T! = =CrlwVig) + iy = g CrsVig = —CrLlawVea + 15(s) — Ie(s)

CraViuls) = Ginl(s) + Cyll = Gi(s)] £ {wVig } = [1 = Gis)] I Lals),
CrsVigls) = Ginlipls) — Cpll — Gils)] £ [eoVe) — [1 — Galailpgls)

Gilst = | fims + 1) - > [1 = Gi(s)] = Ts/(rs + 1)
LS " | i, )

e —_—
has a unity DC gain has a zero DC gain

If o is smnall, [1 - Gils)] is insignificant over a retatively wide range of frequencies and can be approximated by zerc.

¥igls) i
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Vv €q iy 1 |

sdref —»(ij—-_ ki(s) - p— C}ﬁ‘ =

e uq | |

1’I',.'!-'qf'.i'f' 4
gref ——w-(—— k(s) T+ 1 Cps Vg

Figures represent two, linear, decoupled systems (two SIS0 system). The first compensator
processes ed = Veeres — Ved and generates us. The other compensator processes g = Wegrer —
Ve and generates ug. Then, icref and igres are constructed from ua and ug and delivered to the

corresponding d- and g-axis current-control loops.
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Each of the d- and g-axis control loops Y e kis) - —7 Vi,
shown in Figure includes one integral - il L T
term, that is, one pole at s = 0, in addition :

to the real pole at s = —-1/7i. For a system V.. 9 k) I
of this typs, the simplest compensator to "
fulfill fast regulation and zero steady-state
error is a Pl compensator. Let the PI
compensator be

. s+ 2 Loop gai 5
k(s) = k2 - i i SR ( stz )‘__

At low frequencies, 2£l{jw) = -180- due to the double pole at s = 0. If z < ©*-1, £l{jw) first
increases until it reaches a maximum, &m, at a certain frequency, wm. Then, for w = Wm,
ZI(jw) drops and asymptotically approaches —180=, §m and wm are given by

v f =1z =

ﬁm = %In 1 I i = E‘ :-[J_ ]_
| 4 12

If the gain crossover frequency we is chosen as wm, then 8m becomes the phase margin. In

order for this to hold, the compensator proportional gain, k, must satisfy the condition

|I{jwe)| = |I{jwm)| = 1. This yields & = C ja.

&4
+ |
- |
% |
-
z
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f

Kk 2
— il SR
E}' (3 (3

k
» 57+ ps? +2¢s +z)=(G+tw)s*+(p-w)st+w?)=0
cf N e e gt
2§y, ay®
Based on this method, the resultant closed-loop system is of the third order. It was shown
that the closed-loop system always has one real pole at s = —w-. in addition to two other
{complex-conjugate) poles that are located on a circle with a radius of we

p—w=2w, = (P +p—wlsta)=(E+a) = 5= —w,

r— wf=2%m‘. S (FPrp-eds+el) = (P +V2os+w) =0 s 5= —""??mc ij%mc




Gm=phase margin

p—we=2w; »P=3w,+p=3JPz 2 p=9z = Em=53°@mf

P2, 5 p=(1+VDwr = p=(1+VIWPE = P =582 = bm =45 By,

The exact locations of the two poles on the circle depend on the selected phase margin
that, typically, is selected betwesen 30= and 75=. Two particular choices of interast are ;

1) aphase margin of i~ = 45=, and
2) a phase margin of §= = 53=, which makes the two poles coincide with s = —we With tis

choice, the closed-loop system will have a triple pole at s = —we.




the grid-supporting converters can be represented either as an ideal ac-controllad current
source in parallel with a shunt impedance, or as an ideal ac valtage source in serias with a
link impedance. These converters regulate their output current/voltage to keep the value
of the grid frequency and voltage amplitude close to their rated values. In any case, its
main objective is to participate in the regulation of the ac grid voltage amplitude E and
frequency w by controlling the active and reactive power deliverad to the grid.

. AL micro-grid
P bus
" This scheme must be
D . & :

a used in grid-connected

E made with a grid-forming

> G converter/saG in the MG.

(<) 0

“ ——H
F CF N @ N ol 7 This scheme can be used

= in grid-connected and

v
: ~| € -@ -
Q « C, ’g) E v islanded mode same as

| 56.
e 161

dy £

Problem: Different current sharing strategies have been proposed for small rated paralleled
inverters,

Method: such as centralized controllers, master—slave, average-load sharing, or circular-chain
controls.

Difficulty: However, these solutions are conceived for paralleling systems which are close fo
each other and interconnected through high-bandwidth communication channels used for
control purposes. These communication-based solutions are not the most suitable choice for
controlling microgrids, since distributed generators and loads in microgrids may be separated
several kilomeaters.

Solution: To overcome this problem, droop control algorithms are used to control the power
sharing in microgrids without using communication channels, thereby eliminating the limits
imposad by the physical location and improving the microgrid performance. The droop
regulation technigues are implemented in grid-supporting power converters to regulate the
exchange of active and reactive powers with the grid, in order to keep the grid voltage
frequency and amplitude under control.

Main idea: The main idea to support the droop control comes from mimic the self-regulation
capability of the synchronous generator in grid-connection mode, decreasing the deliverad
active power when the grid frequency increases and decreasing the injectad reactive power
when the grid voltage amplitude increases. 1862




Considering the power converter as an ideal controllable voltage source that is connected
to the mains through a given line impedance, as shown in Figure, the active and reactive
powers that it will deliver to the grid can be written as:

Pa, Oa 1&g

5 (Ya—Va ' Ts T

3
Sa= ?Af*:m(m) =P, +iQs V.£0] i ; "

v {a)
: Va o e upcron o
Py = I [Ri¥h = Vroosd) + X Vg sind]
v 0 v,
2 A ¥ it . -t — E
= W:—mn sind+ X (Vi — Vapeosd)]. \i;_‘— —;-—___T’]__‘ _,._i;.; ‘Vu
L i

e 7 UL LINPrE e DI RUE I €L LADUMGE L Irel, 1nuucuye gria
The inductive component of the line impedances in HV and MV networks is typically much

higher than the resistive one, as shown in Table.
Tyrical LINE IMPERANCES VALURES

. . X ,
I'ype of Line R (€x%km) (Ckm) R/X (po)
Low Voltage Ling L6422 (083 7
Medivm Voltage Line 161 (IR (.85
I'IiEh VﬂltaEt' Line (L065 {191 .31

Therefore, the resistive part can be neglected without making any significant error. In
addition, the power angle § in such lines is small, so it can be assumed that sin{&) = § and

cos{§) = 1. Thersfore:
X Py
Vila

Py = HT'L\__- [fi (V) = Vpoosd) 4+ XV sind| Py o= —1 L {(Vysind) = F =
iy _—
Vi
= ————7
24 BTl |

—RVpsind + X (V) — Vg eoa d)]. Q4 == (Vg = Vaooed] = Vy - Vo= ——

Expressions show a direct relationship between the power angle & and the active power P,
as well as betwesan the voltage difference Va — Ve and the reactive power C.
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X Py

(Vgeind] = d =

Vi
X

“I.| =

ViV -
Qs = = (Vi ~ Vireond) = Vi ~ Vi S22
¢ A

These relationships permit two regulating Lﬁ I,-f
problem: Q /
1) regulating the grid frequency and voltage at o o=t |
the point of connection of the power =
converter, by controlling the value of the active iy
and reactive powers delivered to the grid. \f

2) regulating the active and reactive powers delivered to the grid at the point of
connection of the power converter, by controlling the value of the grid frequency and

voltage.
Therefore, the following droop control expressions can be written for inductive lines:
JF=do= "fl'p (P = Fp) rr.l

V—Vo=—k(Q-0Qn)

Y
fo, Vo, Po, Qo are rated values. 2 \

=Y
L)
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1) regulating the grid frequency and voltage at the point of connection of the power
converter, by controlling the value of the active and reactive powers delivered to the grid.

fﬂ,’ f{'} = ﬁ (P Pi'))
e Thmnm
Vh_ VL’} — _'kq (QH‘ QU)

2) regulating the active and reactive powers deliverad to the grid at the point of connection
of the power converter, by controlling the value of the grid frequency and voliage.

f{) = _k;; (PW} P{})
e oy
VIF Vo = —k, Q] Qo)
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1) regulating the grid frequency and wvoltage at the point of connection of the power
canverter, by controlling the value of the active and reactive powers delivered to the grid.

DG [ L, PCC
= O[5 L o
T L Vi J | Rest | J(T" fo = "A-."“;l" )
\ e MHE.HM: e Ak El )
: T— o=k Q- Qo

v 1
= | TR

Current Control Loop Power Control Loog DOroop Control

Grid-supporting power converier operating as @ current source.




2) regulating the active and reactive powers delivered to the grid at the point of connection
of the power converter, by controlling the value of the grid frequency and voltage.

J."

[l

e

¥ fo =k, (P Po)
N e

VI Vo =~k (G} Qo)

e

o

&
*

Current Controd Loop ‘Vollage Control Loop Droop Condrol

Gridsupporting power converter aperating as a voltage source. 168




On the contrary to the case of HY networks, the grid impedance in LV networks is mainly
resistive, and thus, the inductive part can be neglected. As a consequence, and
maintaining the assumption that the powser angle & has a small value:

| - : . L[

. = — OSA ) = - —

|r'| it 11 1 'u,l.l ) ! 1 'u,l.' 1
Vi Vi e 4

] o i = 0 &= &

Ga itnd = 6 ViV

V
Py = _.._.‘:1,.:_, [R(Vy = Vi cosd) + XV sin ]

i+ iy

Q= ﬁl—ﬁ‘i'“mun £ X (V) — Vg coadl].

Expressions show a direct relationship between the power angle 6 and the reactive power
(1, as well as between the voltage difference Va — Ve and the active power P.
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The following droop control expressions can be written for resistive lines;

Y o g
V —Vo = —ky (P~ Po)
[ ﬂ.;'.' o
f=Jo =1 (Q—-CQo]
fo, Vo, Po, Qo are rated values. ! - If! -
fa P 2y o
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In the general case, the combined effect of the resistive and inductive line impedance
components should be taken into account in the droop control equations.
- || i | -

i
- | Wy B

7=|Z|<9=|Z| cosS +j| Z | sinB=R+X &
Vi 1‘:1-133#.] L i
Py = =2 [R{V) - Vi cos8) 4 XVpsing] gz B2~ Qa7 (Vi = Vig cosd)
WX L e :
Q4= --—r—"--- [—RVisind 4 X (V4 — Vg oos )] Eé:ﬁ"“-- ], Py o= ¥4 (Vg — Vg easd)
A= Ty X 1e Al - I 3 TR ;

L{a ) “;“ sin 4

To do that, a rotation matrix Tis used to transform the active and reactive powers, P and
., into the rotational power components, P! and @', as detailed in the following:

X R V.V, . R X V, —Vg cosd
EPA_E@A:%SL“E:P‘A EPA"l'EQA: = =Q',
% "X
~ = i ‘RI_-";::" _J'f;? I"l *I[ - zinf = cos (;—E‘) = cosip
g | h._.- ' ".r/, QY R =
LE:cmH:sml[E— E]I_smq::

P~ | eos g singr | I~ T -nr"]
[‘1’.} ’/hllll'l LR AL ] [I’J“ (e f.;' gos




& takes a small value, thus:

Vi, C e . ZP,
P_‘_’ | e 3 (Vpsind) = 4 = Vi ‘.-:':;
. V. ' 10
QY =~ £ (Va—Vgceoso)=V,y - Vg = 2"

where P'a and O'a are the rotated components of Pa and Qa. it can be concluded that the
power angle & can be controlled by regulating the rotating active power P'a , while the
voltage difference Va — Ve can be changed by regulating the rotating reactive power O'a.
Therefore, in a general case, the droop control equations can be written as:

; " " X e G g

.III = Ji = -';’:ll.l [‘I” o -Irll} _IJI.L}':-E(I_ = f-“}_.k:qE{Q_Q“}
X

E{.Q_Q“]

According to above equation, the contribution in the compensation of the frequency and

the voltage amplitude variations by each grid-supporting power converter in a microgrid
can be adjusted by changing the values kp and kg.

R
V-Vo=—k (@ - =k = (P—P)—1
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X

Z
| / R ';{

V=Vy= -k (Q = Q) = —kp (P—By) — &y — (Q — Q).

| , R
f="fo==ky(P = P) ==k, = (P—BF))+k;= (Q—Q)

Problem: Conventional P/f and Q/V droop controls have been proven to be an effective
solution for regulating the voltage magnitude and frequency in MV networks, where the
lines have a predominant inductive behavior However, as shown previously, the
performance of this kind of controls is highly dependent on the R/X ratio of the line. Due to
this feature, this method cannot be directly applied in all kind of networks, unless
complicated grid impedance estimation algorithms are implemented in order to calculate
the rotated powers indicated abowve. This issue is even more important when the droop
control is applied to LV microgrids. In such a case, a small mismatching in the grid
impedance estimation results in an inefficient power sharing among the droop controlled
distributed generators.
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Solution: As an intuitive solution to solve these drawbacks, resulting from the strong
dependence of the conventional droop controller performance on the line impedance
value, large inductors could be used to link the power converter to the ac bus and thereby
the line impedance would be predominantly inductive. Howewer, this is not an efficient
solution since, in addition to the increase in the size and the costs, the dec-bus voltage lavel
should be significantly increased to compensate the high voltage drop across these
inductors, thus reducing the owverzll efficiency. A more effective solution consists on
introducing wvirtually the effect of this link impedance, adapting the control loop of the
power converter in order to include its effect.
Mote: it is worth to remark that the value of the virtual impadance should be larger than
the actual line impedance; otherwise, it will not have a predominant effect in the power
flow equations.
The virtual impedance modifies the power converter output voltage reference where the
modified voltage reference vres is obtained by subtracting the virtual voltage drop across
the virtual impedance (Zv . ie=e | from the reference value originally provided by the droop
equations, Vees* !

Viof = ¥,

ref * ‘f:'l Ct Pgrid -
The value of Zv sets the dynamic of the controller; hence, it must be considered as a control

variable and should be selected according to the nominal power of the converter. -




Block diagram of the virtual output impedance loop working with P and Q droop method in
the grid power converter.
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In a microgrid, where different power generation systems based on different technologies
and power ratings are interconnected, it is necessary to implement a hierarchical control
structure oriented to minimize the operation cost, while maximizing efficiency, reliability,
and controllability.

Power ratings, distribution of loads and generation systems, electrical markat prices,
generation costs, and enargy availability from stochastic primary sources are the main
issues to be cansidered when determining the optimum operation point of a microgrid.

Hierarchical control of microgrids can be organized into three main layers:
1) Primary control

2) Secondary control

3) tertiary control
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The primary control, the so-called local control, is devoted to control local variables, such
as frequency and voltage, as well as current injection. In addition to other low-lavel
controls, these local controllers deal with implementing droop and virtual inductance
control technigues in each of the distributed power converters connected to the
microgrid.
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The secondary control ensures that the frequency and voltage deviations are regulated
toward zero after every change of load or generation inside the MG. The frequancy and
amplitude levels in the MG, wwme and Ewms, are sensed and compared with the references
w*me and E*me ; the errors processed through the compensators (Sw and &E) are sent to all
the units to restore the output-voltage frequency and amplitude.

W=tun+BLy E'=Eo+SE
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The secondary control makes use of communications and wide-area monitoring (WAM)
systems to coordinate the action of all the generation units within a given area, being its
time response in the range of minutes, thus having a slow dynamic if compared with the
primary control. 178




In case of an ac MG, the frequency and amplitude restoration controllers Ge and Ge, shown
in Figure, can be obtained similarly as follows :

I'Jju.i _;"_I}.-.' __l_'.'[l [EE N ] i A]‘ [{'L'.l“\ L |‘TH i .l..l.--\.

o " Pl controller
S ,.f (Eya = £va) A L” (B f'ﬂ:.i'f”> with time

s constant

where kpw, kiw, ksg, and ke are the control parameters of the secondary-control
compensator. In this case, 5w and 8E must be limited in order not to exceed the maximum
allowad frequency and amplitude deviations.

Aws : is @ synchronization term which remains equal to zero when the grid is not present.
In order to connect the MG to the grid, we have to measure the frequency and voltage of
the grid, and that will be the referance of the secondary control loop. The phase betwean
the grid and the MG will be synchronized by means of the synchronization control loop
which can be seen as a conventional PLL. The output signal of the PLL, Aws will be added
to the secondary control and will be sent to all the modules to synchronize the MG phase.
After several line cycles, the synchronization procass will have finished and the MG can be
connected to the mains through the static bypass switch. At that moment, the MG does
not hawve any exchange of power with the mains. 180




When the MG is operating in grid-connected mode, the power flow can be controlled by
adjusting the frequency (changing the phase in steady state) and amplitude of the voltage
inside the MG

Microgrid

o Fslemd

@ = grid conmecivd

Fla Feland, -
E= =
Tertiary control




As can be seen in the tertiary control block diagram of Figure, by measuring the B/ through
the static bypass switch, Pe and Qs can be compared with the desired P*z and 0®c. The
control laws Ple and Plg, can be expressed as in the following;

""'I.:.-.[I.: 'ﬂ'ljlll'l:.j”rl.' — FPa)+ kip / {(Fg — FPg)dt

Jr'-:l:.'[[; Ir':JI‘.nl [{f_},;l- a2 (Jr.‘] 'I' 'E"H‘l / [E‘?;I- - {-Jf.':”H

with kge , kir , kpa, and kio being the control parameters of the tertiary-control compensator.
Here, w*me and E*me are also saturated in case of being outside of the allowead limits. These
variables are inner generated in island mode (w*mes = w™* and E*ms = E*me) by the secondary
cantrol. When the grid is present, the synchronization process can start, and w*me and E*me
can be equal to those measured in the grid. Thus, the frequency and amplitude references
of the MG will be the frequency and amplitude of the mains grid. After the synchronization,
these signals can be given by the terfiary control. Notice that, depending on the sign of P*s
and O%g, the active and reactive power flows can be exported or imported independently.
This control loop can also be used to improve the power quality at the PCC. In order to
achieve voltage-dip ride through, the MG must inject reactive power fo the grid, thus
achieving inner voltage stability. Islanding detection is also necessary to disconnect the MG
from the grid and disconnect both the tertiary-control references as well as the integral
terms of the reactive power Pl controllers, to avoid voltage instabilities. 182




Simulation: grid connected DG

1) Initially, create an .mdl file.

2} Simulate a DG unit which consist of three phase VSC that are paralleled through an RL
filter at PCC with a Synchronous Generator and exchanges active and reactive power.
5G supplies an RL load.

3) Set the frequency and amplitude of the voltage of PCC by 5G with help of Governor
and AVR.

4) Control the DG based on primary level.

5) Bvaluate performance of the controller in changing the RL load (increasing and

decreasing PL and QL) based on voltage, frequency, active and reactive profiles of the
D& and SG.

B) Discus on the results.
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Simulation: Islanded Microgrid

1} Initially, create an .mdl file.

2) Simulate two DG unit which consist of three phase W5C that are paralleled through an
LC filter at PCC and supply a variable RL load. (power sharing)

3) Control these DGs based on hierarchical control scheme. (Primary and secondary level
are sufficient)

4) EBvaluate performance of the inner, droop and secondary controllers in changing the
RL load (increasing and decreasing Pv and Qi) based on voltage, frequency, active and
reactive profiles of the DGs.

5) Discus on the results.
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