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1 INTRODUCTION

Different STATCOM topologies are possible to exchange reactive power with the electrical grid. From
previous work [1], three configurations have been chosen. They are: SSBC, SDBC and DSCC. These
topologies are able to work on medium and high voltage grid and to continue to operate when the grid
is unbalanced or when a fault occurs in the grid.

This report presents the detailed analysis of the three selected topologies behaviour with theoretical
equations and with simulations done in the Plecs environment. These topologies are assessed for every
state of the electrical grid when a fault occurs is taken from the previous analysis in [1].

2 SINGLE STAR BRIDGE-CELLS (SSBCQC)

The schematic of the SSBC structures is visible on the Figure 2-1. This topology is particularly interesting
because it presents the least number of cells, so it makes the solution to be the most practical one in
terms of technique, size and cost. On the other side, this structure has no internal circulating current
which can give difficulties at zero power exchange.

This system is suitable to exchange a controlled reactive power and to regulate the voltage at the point
of common coupling (PCC).

< Ly Ry
Uy,
Ly
Ugy s
2
Uys
L, ¥ iLz ng
R, R, I:g Rq
Lq Lg Lg
A A A
UL N w N u N
t| | _Submodules | ™Mlz| | sybmodules | M!3| | submodules
B B B
Un
Submodule

USM, 455 Csy—

s
s

Figure 2-1 : SSBC schematic

To simplify the analysis, the single phase schematic as seen on the Figure 2-2, is used. For that, it is
supposed that the grid is balanced.
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uSMll Submodules

f
Figure 2-2 : Single phase schematic of the SSBC

2.1 ARM CURRENT
From the single phase schematic (Figure 2-2) and the Kirchhoff’s laws, the equation (2.1) is extracted.

di,
ot

From this equation, the transfer function linking the arm current i, from the voltage produced by the cells
ugy, is visible on the Figure 2-3.

Ug — Usm;, = Lq +Rg i (2.1)

Ug

+
— 1

s-Ls+ R,

Usm, —> i

Figure 2-3 : Transfer function of the arm current

2.2 INSERTION INDEX AND SYSTEM MODEL

Afterwards, it is necessary to include the insertion index to finalise the system model. The insertion index
of the cell n} may take the values -1, 0 or 1. When its value is -1, the capacitor of the cell Csy, is inserted
to produce a negative voltage. So the power switches are in the states: S; & S, « off » and S, & S5 « on »
(see Figure 2-4). When its value is 0, the capacitor is not inserted and the outputs A and B are in short
circuit. When its value is 1, the capacitor of the cell Cs, is inserted to produce a positive voltage. So the
power switches are in the states: S; & S, « on » and S, & S5 « off ».

Submodule

g
e

Figure 2-4 : Schematic of a cell
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The arm voltage depends of the state of the cells. For the control of the SSBC, it is supposed that it
exists a control system which keep the average voltage of each capacitor at the same value. The
mathematical description is done in the equation (2.2).

N )

N N
_ - uSML _ Usmy ;
Usy;, = nj - uSML = > nj- =N LM (2.2)
i:

i=1 i=1

Where uEML is the sum of each capacitor voltage in a phase and is called the cluster voltage of the

phase.
By summing the insertion indices of each cell in an arm divided by the number of cascaded cells as
shown in the relation (2.3), the insertion index of each arm is obtained in per unit. The number of possible

states is then 2 - N + 1 discrete values and the value of n, can vary between -1 and 1. A value of O
means that all the capacitors are not inserted while a value of +1 means that they are all positively or

negatively inserted.
N
_1 Z i
=y ' ny (2.3)

Inserting the relation (2.3) in (2.2), gives the equation (2.4) to adjust the arm voltage between iuSZML.

The arm voltage depends linearly of the insertion index. Indeed, if N is large or the voltages uéML are
controlled by PWM, n; can be considered continuous between -1 and 1.

_ X
uSML =ng- uSML (2.4)

The block diagram of the system model can be completed with the relation (2.4) as presented on the
Figure 2-5.

2
Usm,, Ug
+
uSML — 1 '
_’ : ———
X \_/ s-L, + R, — i

Figure 2-5 : Block diagram completed with the relation (2.4)

According to the relation i = C -‘;—’:, the current in the cell is defined by the equation (2.5). The insertion
index n! is present. In the case where the capacitor is not inserted, the capacitor does not deliver current.

oul
aStML withi=12,..,N (2.5)

As the SSBC is composed of several cascaded cells, the current i, depends on the number of active
cells. The result gives the equation (2.6).

ouk N

S

Csy - Z M Z (2.6)
i=1

i=1

L,; — .
ny i, = Csy

Using the arm insertion index equation (2.3), the relationship (2.6) simplifies to equation (2.7). The factor
N is derived from the fact that the insertion index n; is in per unit.
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c auéML .
(23) & (26) = CSM - Z at = l'L N - nL (27)

i=1

Supposing that the average voltage of each cell are the same, the equation (2.7) can be simplified to
the relation (2.8).

)
Com OUsh,

N Jat

Finally, using the relation (2.8), it is possible to establish the block diagram of the whole system model
as shown in Figure 2-6.

= iL - nL (28)

1 i N

S X
5 Lo+ R — w4 Ui,

Figure 2-6 : Block diagram of the SSBC system model

2.3 CONTROL OF THE SYSTEM

This chapter explains the development required to implement a control strategy of the SSBC. The goal
is to control the exchange of reactive power between the system and the grid. The reference of the
control is Qac.

From the Figure 2-6 which represents the system model to control, it can be seen that the input variable
of the system is the insertion index n,. This variable has a double impact on the control. It acts on the
generation of the arm voltage ug,, by multiplying the cluster voltage uEML but also in the variation of this

cluster voltage. The control of the system with the insertion index n, is therefore non-linear and complex
to handle.

In order to avoid this problem of non-linearity, it is possible to define the important quantities to be
adjusted. These quantities are:

- i, :the arm current which acts in the reactive power control and the variation of uEML.
- uEML: the cluster voltage which undergoes variations depending on i; and permits to generate
the voltage ug,,, for the control of the system (thus of i;).

The quantities i, and uEML represent the internal dynamic state of the system. Thus, it seems obvious
that the voltage uEML will be control using the arm current i,. So, there is only one current to adjust, the
arm current i;.

According to the relation (2.1), the current i, is easily controlled with the arm voltage us,, . However, the
system model has the insertion index n; as input. Therefore, the relation (2.4), which links the voltage
to the insertion index, is used. Assuming that the delay of the voltage control is negligible compared to
the average model of the SSBC, it is then possible to replace the voltage by its reference value ugy,,,
which gives the equation (2.9).

~

*
_ Usmy _ Usmy

n, = =~
by by (2.9)
Usy,  Usm,

From this last relationship, the control scheme shown on the Figure 2-7 can be used to define the
insertion index as a function of the arm voltage.
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*
Usm;, — uE — ?‘Iz
SMp,

Figure 2-7 : Control scheme of the voltage

It is obvious that this control scheme is simply the inverse of the input stage of the system model which
was shown at the Figure 2-6.

2.4 CURRENT CONTROL

The arm current regulator (Gg;, (s)) generates the arm voltage ugy,. The Figure 2-8 shows how this
regulator is integrated in the control scheme.

Ug

+

L+ _ 0 1

i O] S g ST R
u
SMy,

Figure 2-8 : Scheme control of the current

There are 2 important points to note in the above image:

- The voltage u, is summed in order to perform a voltage feed-forward to counteract the grid
voltage.

- The output of the arm current regulator is inverted to take in count the negative sign on the
arm voltage in the system model to control (see Figure 2-6).

Until now, a single-phase system was always considered. Now it is possible to switch to a three-phase
system. To do this, taking the single-phase model, the arms current are handled with the space vectors.
It is assumed that a PLL (Phase Locked Loop) gives the phase 6 of the grid and is used to do the Park
and Park inverse transformations to obtain the dg/three-phase values. The result is shown in Figure 2-9.

Note that the insertion index ﬁ: is obtained by dividing the reference voltages ug,, by the average value
3

of the cluster voltage for each phase, i.e., 3/(2 uEML,). This is because the three-phase system is
i=1 L

i=

assumed to be balanced and thus the voltages uEMLi are equal.

ugd
+
-k + + —_ u*
la Gri, (S) 4 dq
_ — 4
. w, * L — 3
Iq g -t Usm, ; E I
iq Z _ uSMLL nL
(ug . La =
x + 7 abc
Lq Gri, (S)

Figure 2-9 : Scheme control of the three-phase currents
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2.5 VOLTAGE CONTROL

In section 2.3, it was explain that the sum of the arm capacitor voltages u§ML represents the internal
dynamic state of the system. If the control scheme in Figure 2-9 is used, the voltages uEML will diverge
and reach the physical limits of the different electronic components. Therefore, these voltages must be
controlled.

By injecting equation (2.4) into equation (2.8), the relation (2.10) is obtained.

y  Csm auEML .
(24) & (28) = uSML ' T . 3t =1 u’SML (2.10)

The mathematical relation (2.11) can then be used to modify the relation (2.10).

2
> )
uz s, _1 9 (uSML) (2.11)
SML gt 2 ot
This gives the equation (2.12).
3 2
CSM a(uSM ) )
[(2.10) & 2.11)|= N ot S =g ugy, (2.12)
The energy in a capacitor is obtained by the equation (2.13).
p 1c , 0E 1 d(u)?
=—=-(- =2>— =—-(C- .
2 "W T T2 at (213)
Thus, from equation (2.12) , it is possible to obtain the equation (2.14).
J0E;,
|(2-12) & (2-13)|:> B WL Usmy (2.14)

The arm voltage and current are desired purely sinusoidal, so they are described in the equations (2.15)
and (2.16).

usy,, = Usy, - cos(wg " t) (2.15)

ip =1 - cos(wg "t — @) (2.16)
Injecting relations (2.15) and (2.16) into (2.14), equation (2.17) is established.

0E, . .
[(2.14), (2.15) & (2.16)|> a_tL = Usy, I, - cos(wg + t) - cos(w, - t — @) (2.17)

Itis then possible to simplify the relation (2.17) by applying a trigonometric relation to obtain the equation
(2.18). Then the single-phase AC power from the relation P = U - I - cos(¢) comes.

PmDTLDAC
OE, |Ugy, -1 Usy, - 1
a_tL = —SMS L. cos() |+ —SME L. cos(2- wg t— o) (2.18)

The time-dependent term in this last equation has no influence on the derivative of the energy average.
This means that it is the active power that allows the adjustment of the internal energy of the system as
shown in relation (2.19).
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OEL ﬁSML ) iL
—— =|——=—"cos
5t 5 (@)
By integrating equation (2.19), the relation (2.20) is obtained. The arm energy is decomposed into
constant term E; which is the average value and a time-dependent term AE, which represents the ripple
in the energy arm. It is interesting to note that the frequency of the ripple is twice that of the grid.

(2.19)

_ |0,
4L_ ng "Sin(2 - wg  t — @) (2.20)

Since the goal is to have the cluster voltage equal to the reference cluster voltage (uEML = ugfh), this
gives the relation (2.21). This relation defines the average reference value of the arm energy.

Er =5 (i)
As seen previously, to increase the energy, it is necessary to increase the active power. Since the three-
phase system is assumed to be balanced (and it must be for its proper operation), the energy in the 3
phases can be increased by using the three-phase active power and therefore by increasing the
reference current i;;. To do this, it is possible to implement a Pl energy controller that respects the control
law (2.22).

(2.21)

. % * b 1 I * id
g =Kpp - (E[ —EL) + Kig e (E[ — EL) (2.22)

To measure the average value of energy, it is necessary to add a low-pass filter “LFP” which leads to
the relationship (2.23).

.k * 1 T *
ig = Kpp ' (Ef — LPF{E}) + Kig e (E[ — LPF{E.})

L C (2.23)
ith: Bf = =M (% )’

With: Ef === (uZ,)

The cutoff frequency of the filter can be set to 1/10 of the ripple frequency i.e., %

Finally, the complete control scheme of the SSBC is shown in Figure 2-10. To simplify the control
scheme, the PLL, Park and Park inverse transformation are not shown.

*
Usp, ; -

L 3 —

l E uSZM >

i=1 Li

abc

Figure 2-10 : Complete control scheme of the SSBC in a balanced grid
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2.6 UNBALANCED GRID

In this project, the STATCOM has to continue to operate properly even if the grid is unbalanced or if a
fault occurs in the grid. When the system operates in unbalanced conditions, it is important to use the
method of symmetrical components [2]. This method is also explained in [3] and [4]. In brief, this method
shows that an unbalanced poly-phase system may be decomposed in three balanced poly-phase
sequences. The positive, negative and zero sequences. In reverse order, the sum of these three
balanced poly-phase sequences gives the unbalanced poly-phase system of the beginning. Note that
the negative sequence turns the opposite way than the positive sequence.

The transformation which permits to pass from the unbalanced system to the three balanced poly-phase
sequences is called the Fortescue transformation and works in the phasors domain. In [3], and [5] for
more details, an extension of the work of Fortescue to apply the method of the symmetrical components
in the time domain is done. This extended method is called the Lyon transformation and will be used in
this project.

The Figure 2-11 represents the control scheme of the SSBC when it is used in an unbalanced grid. The
PLL block allows to do the synchronization between the grid voltages and the control. The Lyon blocks
give the positive and negative sequence of the grid voltage and current. The Park transformations permit
to obtain the dq phasors for the positive and negative sequences.

)

=
PLL g
>, 6, ig “ig

T -
Ugi23 /—‘Lﬁugdq / \

Ugi123 Lyon T Park %’ >
— ) >l Dual Vector
o g _, Current Control
— iflzs \/L\ i:irq > (DVCCQ)
Lz Lyon E’ i Park E’

/
A )\T T

E, 5 \ % PR
1 Ener l d q
Ep, ; 8Y | *d

E, ; control

Figure 2-11 : Control scheme of the SSBC in an unbalanced grid

The Dual Vector Current Control (DVCC) block detailed in the Figure 2-12 contains the current
regulators for the dqg currents of the positive and negative sequence. The outputs of the current
controllers pass through the inverse Park transformation and are summed to give the final arm voltage

references ug,, . This decoupling between the positive and negative sequences allows to control
individually the two sequences.
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Figure 2-12 : Dual Vector Current Control (DVCC)

Finally, the energy control which generates the d-axes positive sequence reference i}" and the
calculation of the g-axes positive sequence reference i;* are the same as for the balanced grid explain
in the Figure 2-10. The dg-axes negative sequence references i;" and iz~ depends of the application
and will be discussed in more detail further in this report.

Note that the zero sequence of the currents and voltages are not used because the SSBC is not able to
influence the zero sequence from the grid point of view. Indeed, the neutral point of the SSBC is not
connected to the neutral point of the grid.

If the control scheme of the Figure 2-11 is used for unbalanced operation, it will not work properly due
to unbalanced phase power exchange. As a matter of fact, the difficulty in an unbalanced grid for a
STATCOM application with a MMCC topology comes from the lack of a common DC link in the system.
This lack makes that it has no automatic energy exchange between the phase legs. Therefore, the
unbalance grid leads to unbalanced phase power exchange and leads to cluster voltages uEML that will
diverge. This complicates the control and need more sophisticated controller to exchange energy
between the phase legs and (re)balance the cluster voltages uEML.

As presented in [6], it is possible to balance the cluster voltage with 2 different control strategies. The
first one is the Zero Sequence Voltage Control (ZSVC) and the second one is the Negative Sequence
Current Control (NSCC). These two strategies are detailed in the two next sections and are called the
clusters control.

2.6.1 Zero Sequence Voltage Control (ZSVC)

The objective of the ZSVC is to generate a zero sequence voltage to compensate the unbalanced phase
power exchange coming from the unbalanced grid conditions. The basis of the development below
comes from [4] and [6].

Let assume that all the quantities are sinusoidal. The SSBC exchange positive and negative sequence
currents with the grid. The grid contains positive and negative sequence voltages. Thus, the SSBC will
generate positive, negative and zero sequence arm voltages ug,y, . These definitions are shown in the

equations (2.24).

I, =l /% +1, e/on

I, =1,
I, =1,-¢ (5+57) i, e (8.=%)
Usypr = U, - e/ + T, - e/ + T, - e/ % (2.24)
Usmrz = Up - ej'(g”_z.Tﬂ) + 0, - ej'(9”+ZTn) + 0, el
Usmiz = ﬁp : ej'(9p+2.Tﬂ) +0,- ej'(G”_ZTn) + 0, el
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The active power in each phase can be calculated by:

PLi = m{§Li} = ER{QSMLL- 'f]ii} (2.25)

Once the development is done and simplified, it is possible to define the zero sequence voltage to
generate (amplitude and phase angle) which will lead to the desired unbalanced phase power exchange
that will compensate the effects of the unbalanced conditions of the grid. This result is shown in the
relation (2.26). For more details on the development, see appendix 9.1.

(PimbLZ - KZ) ' K3 - (PimbLl - Kl) ' KS
(PimbLl - Kl) ' K6 - (PimbLZ - KZ) ' K4-

7o Pimpr1 — K1 _ Pimp 12 — K
O 7 K, - cos(ap) + Ky - sin(ag) ~ Ks - cos(ag) + Kg - sin(ag)

tan(ay) =
(2.26)

with

d, - I,
2

U, I
-cos(6, — 6,) + nz £ cos(6, —5,)

: 4-m\ U1
K, = n-cos(Hp—Sn—T)+ nzp

ke
I

4.
- oS <9n -6, + —)
3

I, i,
Kz = > cos(6,) + > cos(Sp)

; i (2.27)

_An P .

K, = > sin(6,) + > sm(5p)

I, 2-m fp 2.
K5=E-cos(6n+T)+?-cos(5p—T>
I, 2-m\ I, 2-m
K6=7-sm(6n+T) 3'sm<6p—T)

It is important to note that P;,;, ;; will be defined by the clusters control and are derived from the
difference between the arm energies.

Now, the control scheme of the SSBC in an unbalanced grid can be completed with the clusters control
as shown in the Figure 2-13. The clusters control contains the ZSVC strategy and generates the zero

sequence voltage which is added to the arm voltage references ug,,, .
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Figure 2-13 : Control scheme of the SSBC with ZSVC

The detail of the clusters control is shown on the Figure 2-14. The cluster regulators compare the arm
energy average of one phase E;; with the global energy average of the three phases E;. The output of
the regulators are the power imbalance Py, , to generate. Finally, the equations (2.26) and (2.27) are
used to compute the amplitude and the phase angle of the zero sequence voltage to generate.

P rT—
E, Oy ldg Ysmpdq

E Cluster |fimbL
E —> Ly 1
L1 Regulator

Equations
ZSVC
=> ﬁo LA

= R Y

E Cluster |fimbL
E N Ly 2
L2 Regulator

Y

E,
Figure 2-14 : Detail of the clusters control with the ZSVC strategy

2.6.1.1 Operating range of the ZSVC

The equations (2.26) which permit to compute the amplitude and the phase angle of the zero sequence
voltage to generate are too complicated to understand on the first view how the results will change
according to the conditions. The most limiting factor in the zero sequence voltage generation is its
amplitude. From theses equations, it is noticeable that the amplitude may become infinite if the
denominator is equal to zero. So it depends on the factors K; to K, and therefore on the positive and
negative current amplitude. Thus, it is possible to say that the SSBC is mainly sensitive to the amount
of positive and negative sequence currents that the converter exchange with the grid.

To visualise in a simple way, the approach is to compute the amplitude of the zero sequence voltage U,
according to the amplitude of the positive and negative sequence currents under certain conditions of
phase difference between the sequence currents. In [6], it is explain that the worst case (largest
amplitude of the zero sequence voltage) is when §,, = 8, = w/2 and the best case is when §, = =6, =
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n/2. Finally, the unbalanced power references P, ,, must be fixed at a realistic value. In the Figure

2-15, Ppyp 1, is fixed to 0.02 [pu] and Pj,, ;, is set to 0.01 [pu]. These small values are choose to model
the small disturbances caused by non-idealities.

0 =f(1*,I") with 6" = 5" = n/2 0 = (1" 17 with §* = -5 = =/2
0 10 0 10

8 8
6 10 6
2 2
0
0 . 0
¥ - 2
1

U, lpul
0, fpul

N
(&}

0.5

1" [pu] 0, 0 N

b)
Figure 2-15 : Amplitude of the zero sequence voltage in the worst (a) and best (b) case

In the figure above, it is visible that the amplitude of the zero sequence voltage tends to infinity when
the positive and negative sequence currents approach the same values. In addition, the amplitude is
shown until a value of 10 [pu] which is much larger than the converter can deliver. Now, to better
understand the operating range of the ZSVC, the same figures are flattened and shown in the Figure
2-16 with a maximum amplitude of 1 [pu].

The coloured parts are the amplitudes which are between +1 [pu]. The white parts are when the

amplitudes are larger than £1 [pu] and therefore the converter is not able to operate at these operating
points.

0_=f(1*,1) with §* = 5" = x/2 =
o = fllL1) wi & , 0, = f1"1) with 6" = -5"= =2

0

0
b)
Figure 2-16 : Amplitude of the zero sequence voltage in the worst (a) and best (b) case (flattened view)

In the best case, the converter is able to work at a majority of operating points. On the other hand, in
the worst case, it has a majority of operating points where the converter will not be able to generate the
correct amplitude of the zero sequence voltage. Note that if the currents are null, it is impossible to
generate imbalanced power and therefore impossible to (re)balance the cluster voltages.

As a conclusion for the operating range of the SSBC with the ZSVC strategy, it is important to note that

according the amplitude and difference of phase of the positive and negative sequence currents, the

converter will not always be able to work correctly and so not able to (re)balanced the cluster voltages
Z

uSML.

2.6.2 Negative Sequence Current Control (NSCC)

The objective of the NSCC is to control the negative sequence current that the STATCOM exchanges
with the grid to rebalance the cluster voltages. Note that if the negative sequence current is used for the
rebalanced control, it is logically impossible to do load balancing.
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From [6], the amplitude and phase angle of the negative sequence current to generate are presented in
the equation (2.28).

(Pimb 12 — Ki2) * Kizs = (Pimp 11 — Kin) - Kis

tan(6,) =
" (Pamp 11 — Ki1) - Kis — (Pimp 12 — Ki2) - Kia
(2.28)
i = Pimpr1 — Ki _ Pimp 12 — Ki
" Ki3-cos(8,) + Kiy - sin(8,)  Kis - cos(8,) + Kig - sin(6,,)
with
Kiy = n2 p-cos(Qn— p). Ki; = nz p-cos(Qn—6p+T)
U U
Kiz =-2-cos(6,), Kig=-2-5sin(6,) (2.29)

2

ﬁp 4. ﬁp . 4.
Ks=pcos(6,-=5").  Kio=prsin(0,—5")

The result is of the same form that for the ZSVC strategy. Now, neglecting P;,,,; .; for simpler analysis,
the negative sequence current amplitude and phase angle are in a simpler form as shown in equation
(2.30).

2

Sp=—0,+0,+0,+m

. (2.30)

~ n’ Ip

j, =2
Up

So, the condition U, = U, yields to I, = I,, and this could cause problems in the control. Actually, to
compensate the system losses, the energy controller will generate a three-phase active power of % . U,, .

Ip-cos(ep—dp). Unfortunately, the NSCC will generate three-phase active power of %-ﬁn-in-

cos(6, — &,,). Therefore, under this condition, it is possible that the NSCC power generation will cancel
the power generation demand from the energy controller. So, NSCC must be avoided if the condition
U, = U, is possible to appear.
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3 SINGLE DELTA BRIDGE-CELLS (SDBC)

The schematic of the SDBC structures is visible on the Figure 3-1. This topology is interesting because
it has an internal circulating current which helps the control at zero power exchange. On the other hand,

this structure need v/3 more cells to support the higher voltage.

This system is suitable to exchange a controlled reactive power and to mitigate the flicker effect. The
cells in the figure below are the same as for the SSBC structure presented in the chapter 2.

Ugs

Lg Ry
Ly
Ly
Ly
l,y i, L,y
Ugs
% .
i
2 Ly \)‘6@\\)'1'
@
47?/ \
X
5 &4 AP
2(5})2/# . o0
o,
& N0
& Q/@& > be
. Qo
gy
5]
2
u ULy < % o
gl = § ugz
< o S
54 ~3 3
A
—
Usmr,

Figure 3-1 : SDBC schematic

To simplify the analysis, as done for the SSBC, the single-phase schematic as seen on the Figure 3-2
is used. The analysis being quite the same as this of the SSBC presented in the chapter 2, the
development is simplified. It is important to note that the voltage that the cells must support are v/3 higher

in this case.
ugsl
«—— Lg Ry u
(~)
N
Ugp
L{ Submodules
Ugsa B
* Lg R,
F/\/\ [
N Ug

Figure 3-2 : Single phase schematic of the SDBC
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3.1 SYSTEM MODEL

Following the same steps as for the SSBC in chapters 2.1 and 2.2, the block diagram of the whole
system model is shown in Figure 3-3. The only difference with the SSBC structure is value of the grid
voltage (line voltage instead of the phase voltage).

N

i
[ — 12 - »
“_’ u
S'La+Ra L CSM S SMp,

Figure 3-3 : Block diagram of the SDBC system model

3.2 CONTROL OF THE SYSTEM

The complete control scheme of the SDBC is quite the same as for the SSBC and is shown in Figure
3-4. The differences are not visible on this scheme, they are:

- Ifthe capacity of each cell is the same as in the SSBC, the energy reference E; must be 3 times
higher because the cluster voltages uEMLi are /3 times higher.

- The Park inverse transformation (dq -> abc) must use a transformation angle of 8 + 11/6 and an
amplification factor of v/3.

uSMLi

3 5 L, —
=1 T

abc

Figure 3-4 : Complete control scheme of the SDBC in a balanced grid

3.3 UNBALANCED GRID

As the SSBC, the SDBC has to continue to operate properly even if the grid is unbalanced or if a fault
occurs in the grid. The same methods are used to do the control. For more details, refer to the section
2.6.

3.3.1 Zero Sequence Current Control (ZSCCQC)

The objective of the ZSCC is to generate a zero sequence current to compensate the unbalanced phase
power exchange coming from the unbalanced grid conditions. The basis of the development below
comes from [4] and [6].

Let assume that all the quantities are sinusoidal. The SDBC exchange positive and negative sequence
currents with the grid. The grid contains positive and negative sequence voltages. Moreover the
converter generates an internal zero sequence current. These definitions are shown in the equations
(3.2).
7 j-8 7 -8 7 )
I,,=0,-e/° +1,-e/°n+1,- e/
. 27 . 27T (3.1)
—7 0G5 ) L7 .0 Gnt5) L7 j-8
I, =1I,-e (5 3)+In-e (8 3)+10-ef 0
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2T . i
=) 4 Iy - el o

!L31 = ip ) ej.(6p+T) + in ' e].(
Usmir = Uy - /% + Ty - e/ n

Usmrz = Up - ej.(gp_z-Tn) + U, ej.(9n+2'Tn)

Usmiz = ﬁp ) ej-(9p+2.Tn) +0, - ej-(en_ZITn)

The active power in each arm can be calculated by:

PL,-]- = m{iLU} = m{QSMLi 'L*Lij} (3.2)

Once the development is done and simplified, it is possible to define the zero sequence curent to
generate (amplitude and phase angle) which will lead to the desired unbalanced phase power exchange
that will compensate the effects of the unbalanced conditions of the grid. This result is shown in the
relation (3.3). For more details on the development, see appendix 9.2.

(Pimb 123 — K12) - K13 — (Pimp 112 — K11) - K35

tan(B) = (Pimb 12 — K11) - K16 — (Pimp 123 — K12) - K14
j, = Pimp 112 — K11 _ _ Pimp 123 — K12 . 3
Ki3 - cos(8y) + K14 - sin(6y) Kys - cos(6y) + Kig - sin(8y)
with
K= Up In cos(6, — 6,) + Unz' I cos(6, — 6,)
K, = Up n~cos(9p -6, 4Tn) + Unz'lp : cos(Bn—(Sp +4Tn)
Ki3 = % cos(6,) + %- cos(Gp)
_ _ (3.4)
Ky = ﬁ - sin(6,,) + % . sin(9 )
2 2 p
Kis =%-cos<9n+2.—n)+%-cos(9 _2_71)
2 3 2 p 3
Kie —ﬂ-sin<9n +2—n) +%-sin<9 —Z—H)
2 3 2 P03

It is important to note that P;,, ,; Will be defined by the clusters control and are derived from the
difference between the arm energies.

Now, the control scheme of the SDBC in an unbalanced grid can be completed with the clusters control
as shown in the Figure 3-5. The clusters control contains the ZSCC strategy and generates the zero
sequence current. It has two principal differences with the SSBC control scheme of the Figure 2-13:

1. The angle 64 and the amplitude in the output generation of the DVCC must take in count the
fact that it works in a delta configuration. So the angle must be 64 + 11/6 and the amplitudes must
be multiplied by v/3.

2. Unlike to ZSVC, the zero sequence cannot directly be added to the output from the DVCC. Here,
the zero sequence voltage that leads to the desired zero sequence current is generated through
a proportional controller with a K;, gain.
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Figure 3-5 : Control scheme of the SDBC with ZSCC

The detail of the clusters control is shown on the Figure 3-6. Its operation is the same as for the SSBC.
Just the equations to generate the zero sequence current 1, is different and refer to equations (3.3) and
(3.4).

—_—

o i
Ey 8y ldg Usm,ag

E Cluster Pimb L
ELI_) L1 =
Regulator
—

Y

Equations

ZSCC
= . * 7
E Cluster |PimbL => [y £8¢
E —> L, 23 >
L, Regulator
E,

Figure 3-6 : Detail of the clusters control with the ZSCC

3.3.1.1 Operating range of the ZSCC

The equations (3.3) which permits to compute the amplitude and the phase angle of the zero sequence
current to generate are too complicated to understand on the first view how the results will change
according to the conditions. The most limiting factor in the zero sequence current generation is its
amplitude. From these equations, it is noticeable that the amplitude may become infinite if the
denominator is equal to zero. So it depends on the factors K;; to K;, and therefore on the positive and
negative sequence voltages amplitude.

To visualise in a simple way, the approach is to compute the amplitude of the zero sequence current [,
according to the amplitude of the positive and negative sequence voltages under certain conditions of
phase difference between the sequence voltages. In [6], it is explain that the worst case (largest
amplitude of the zero sequence current) is when 6,, = 6,, = 0 and the best case is when 6, = 0, 6, = m.
Finally, as for the ZSVC strategy, the unbalanced power references P;,,;, Lij must be fixed at a realistic
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value. In the Figure 3-7, Py, ., is fixed to 0.02 [pu] and Py, ,,, is set to 0.01 [pu]. These small values
are choose to model the small disturbances caused by non-idealities.

i) =fU"U)with6*=0"=0 Iy =fU"U) with 6" =0,¢" ==
10

10

0.5
0.5

-10

U [ou] %)’ U* fpul

Figure 3-7 : Amplitude of the zero sequence current in the worst (a) and best (b) case

In the figure above, it is visible that the amplitude of the zero sequence current tends to infinity when the
positive and negative sequence voltages approach the same values. In addition, the amplitude is shown
until a value of 10 [pu] which is much larger than the converter can deliver. Now, to better understand
the operating range of the ZSVC, the same figures are flattened and shown in the Figure 3-8 with a
maximum amplitude of 1 [pul].

The coloured parts are the amplitudes which are between +1 [pu]. The white parts are when the

amplitudes are larger than +1 [pu] and therefore the converter is not able to operate at these operating
points.

i) =flU"U)with6* =0"=0 i) =f(U"U) with 6" =0,0 ==

Figure 3-8 : Amplitude of the zero sequence current in the worst (a) and best (b) case (flattened view)

In the best case, the converter is able to work at a majority of operating points. On the other hand, in
the worst case, it has a majority of operating points where the converter will not be able to generate the
correct amplitude of the zero sequence current. Note that if the voltages are null, it is impossible to
generate imbalanced power and therefore impossible to (re)balance the cluster voltages.

As a conclusion for the operating range of the SDBC with the ZSCC strategy, it is important to note that
according the amplitude and difference of phase of the positive and negative sequence voltages, the
converter will not always be able to work correctly and so not able to (re)balanced the cluster voltages

)
uSML.

It is also interesting to see that the operating range of the ZSCC is exactly the same as the ZSVC if we
replace the current sequences by the voltage sequences.
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3.3.2 Negative Sequence Current Control

The negative sequence current control works exactly the same as for the SSBC. In [6], the amplitude
and phase angle of the negative sequence current to generate are presented. In this case, the
computation is exactly the same as for the SSBC structure. So, refer to the equations (2.28) and (2.29).

The conclusion presented at the end of the section 2.6.2 is therefore the same here. If U, = U,,, it is
possible that the NSCC power generation will cancel the power generation demand from the energy
controller. So, NSCC must be avoided if this condition can appear.
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4 DOUBLE STAR CHOPPER-CELLS (DSCCQC)

Despite its higher number of submodules and thus its lower power density, the circulating current and
high modularity make this topology interesting to compare with the SDBC and SSBC presented above
in this report, especially concerning grid unbalanced management and zero power exchange. The
schematic of the DSCC structures is visible on the Figure 4-1.
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Figure 4-1 : DSCC (Double-Star Chopper-Cell) STATCOM schematic with Half-Bridge submodules

41 CONVERTER MODELLING

DSCC topology is analysed to obtain its equivalent block diagram model. This block diagram is used to
design the control for a STATCOM application in 3-phase balanced grid operation. Given that the system
is considered balanced, a per phase analysis can be performed. Figure 4-2 shows the new schematic
used in the next sections. Indexes 1, 2 and 3 are not mentioned anymore to simplify the reading.
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Figure 4-2: DSCC (Double-Star Chopper-Cell) STATCOM per phase analysis schematic

4.1.1 Output voltage and current relationship

Kirchhoff's Current Law (KCL) applied to point B gives relation (3.1).

I=1, =0 (3.1)

Applying Kirchhoff's Voltage Law (KVL) to upper arm, (3.2) is obtained.

by

= —R X
“ ot

gs g'l—L

g'a_Ra'iu_La' — Uy + Upg (3.2)

Applying Kirchhoff's Voltage Law (KVL) to lower arm, (3.3) is obtained.

_ di . i
Ugs = —Rgi—Lg = +Ro iy +La 5 +w = Usy 3:3)

Adding (3.2) with (3.3) and considering (3.1) leads to (3.4).

L ai ul —Uu UPG - UGN
7) oo =+ (3.4)

Rg\ .
[32) ¥ 33) & BD)|= ups = — (Rg +_> i (Lg b) o .

2

One objective of the control is to keep Upy (average value of Upy) to a constant value Up by the total
energy controller. Small ripples still exist but are small compared with mean value. This is why they are
neglected, leading to (3.5).

Upn = Upy = Upc (3.5)
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With balanced grid operation and considering (3.5), equation (3.6) can be written.

Upc
Upe = Ugy = N (3.6)

In (3.4), ug is given by (3.7).

Ug = 3.7)

Injecting (3.5), (3.6) and (3.7) in (3.4) simplifies to (3.8).

R Lg\ i
|3:4)&(3.5) &(3.6)&(3.7) | ugs = — (Rg + 7“) Q- (Lg + 7“) e (3.8)

Using Laplace transform on equation (3.8) leads to transfer function linking output current with output
voltage. This transfer function is shown in Figure 4-3.

9 s-(Lg+L2—“)+Rg+%4’i

Figure 4-3: Outputs block diagram

4.1.2 Circulating voltage and current relationship

By subtracting (3.2) to (3.3) considering (3.6) and dividing everything by 2, relation (3.9) is obtained.

iu + il 0 (lu + ll) Uy, + 4y, UDC
3)—(3.2 . =R, ——— — -
[33)-(B2)&EO]=0=Ry*——+1L. 5 (5 — 39)
Circulating current et voltage are defined in (3.10) and (3.11) respectively.
. iu + il
leire = 2 (3.10)
Uy + Uu;
Ucire = 2 (3.11)
Injecting (3.10) and (3.11) in (3.9) gives (3.12).
U di.;
[BNEBINEBID]= teire =~ = Ra* leire = La* =31 (3.12)

Using Laplace transform on equation (3.12) leads to block diagram linking circulating current with
circulating voltage, shown in Figure 4-4.
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Figure 4-4: Circulating block diagram

4.1.3 Arms voltages and currents

It is possible to write arm currents as a function of output and circulating currents. (3.13) and (3.14) give
arm current thanks to (3.1) and (3.10).

i
BD&BI0]= iy = leirc +5 (3.13)

i

BD&EBIN|= i = e — 5 (3.14)

Thanks to (3.7) and (3.11), arm voltages are given as a function of output and circulating voltages in
(3.15) and (3.16).

(3.7) & (3.11)|= uy = Ugire — Uqg (3.15)
(B7) & (B11)|=u; = Ugyrc + Uy (3.16)

Finally, thanks to equations (3.7), (3.11), (3.13) and (3.14) as well as figures Figure 4-3 and Figure 4-4,
relationship between arm voltages and arm currents can be modelled by the block diagram in Figure

4-5
Ugs
_% 1
Ug + i + iy
L R
S (Lg +?a) +Rg +Ta

=
i
B =

Y
DN =

u; s-L,+R,
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s*L,+R,

Figure 4-5: Relationship between arms currents and voltages

4.1.4 Insertion indices

As well as for SSBC and SDBC, it is necessary to include insertion indices to complete the modelling of
the 3-wire DSCC converter. In this topology, submodules consist of half-bridge circuits employing 2
semiconductors with an anti-parallel-connected diode and a capacitor connected across both
semiconductors as shown in Figure 4-6.

Uspryr | Csy —— PorC,

A,.or N Y .

Figure 4-6: Half bridge submodule

Submodule insertion index n}, can have only 2 values: 0 ou 1. If value is 0, the capacitor Cgy is
bypassed, meaning that S; is « OFF » and S, is « ON » (Figure 4-6). If value is 1, the capacitor Cg, is
inserted in the arm circuit, meaning that S, is « ON » and S, is « OFF » (Figure 4-6). In this case,
capacitor is charging or discharging, depending on the direction of the arm current.

Thanks to this insertion index, it is possible to evaluate u, and v; by the values of ugy,,,, which are the

voltage of each submodule capacitor of one leg. To manage the DSCC control correctly, average voltage
of each submodule capacitor Cs,, has to be equal. It allows approximation proposed in (3.17).

N N 5 5 N
_ P N i Usmul _ Ysmul i
Uy = Ny " Usmul = Nyl N N LETH (3.17)

i=1 i=1 =1

In (3.17), uEMu’l represents the sum of submodules voltages of one arm when all submodules are
inserted while N is the total number of submodules by arm.

(3.18) determines the number of submodules inserted by arm in [p.u.], called arm insertion index. There
are N+1 possible values between 0 and 1 where 0 means all capacitors are bypassed and 1 means
they are all inserted.
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Ny, = 'an,z (3.18)

i

=~

N
=1

This arm insertion index in (3.18) allows to simplify expression (3.17) in (3.19).

[(317) &(BA8)| > wyy = My * Uiy (3.19)

Based on the fundamental equation linking current and voltage in a capacitor, (3.20) describes the
current in a submodule. n,,; is present because if a capacitor is bypassed, its current is 0 [A].

§ auSM. 1
nl, iy = Coy T” with index i =1,2,..,N (3.20)

As DSCC is composed of submodules in series, i, ; depends on the number of active submodules. It
leads to (3.21).

N

N
Cor . QUsmuy ) i
SM o Lyl Nyl (3.21)

i=1 i=1

Using (3.18), it is possible to simplify (3.21) in (3.22).

N

auSMi 1 ,
1(3.18) & (3.21) | = Cyp - ET“ =iy, N-ny; (3.22)

i=1

(3.22) can be simplified in (3.23).

)
Csm OUsiu,

N Praa b My (3.23)
By injecting (3.13) in (3.23), (3.24) is obtained.
CSM auz i i
[(3.13) & (3.23)|= N % =n, (zm + E) (3.24)
By injecting (3.14)(3.13) in (3.23), (3.25) is obtained.
CSM auz . i
[GiH& G 23)]=-2. 2y, (lcirc - E) (3.25)

Utilizing (3.19), (3.24), (3.25) and the Figure 4-5, it is possible to establish the total DSCC block diagram
shown in Figure 4-7. This block diagram is used to design the control of the DSCC.
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Figure 4-7: DSCC converter complete block diagram

4.2 CONVERTER CONTROL IN BALANCED GRID

4.2.1 Overall control in balanced grid

The purpose of the converter control is to insure a control of reactive power injected in the PCC by
following the reference Q*. In the same time, the voltages of the capacitors have to be maintained and
balanced in each arm, between each arm and between each leg.

As it can be seen in Figure 4-7, DSCC model is nonlinear. Even if the grid is balanced, DSCC model
contains relatively complex internal dynamics leading to complex control structure. The overall control
in balanced grid can be separated into 7 different parts as described in Figure 4-8.

B —

Ugs, ,20 11,23

6

PLL 2 Park
0y, g Ugsgq tdg
Q Power & total | @~ [ output currents | 19293 -
e P Modulation
Ef{ot energy control control ' technique
Insertion n*
indi wlios + gate
indices . .
. Individual signals
calculations capacitor
_le9123 . —| Internal control balancing

*

E;.
diffi23 Circy 3

ElEgl,z,a

Eaiff,,,

Figure 4-8: DSCC overall control block diagram in balanced grid

Reactive power reference and total energy reference are defined. The power & total energy controller
defines output currents references. Then output current controllers give the output voltages references.
In parallel, internal dynamic is controlled by following the leg energy and arm energy difference
references. The internal control generates the circulating voltages references. Both output and
circulating voltage references are used to calculate insertion indices references. Finally, a Phase-Shifted
PWM (PS-PWM) modulation technique used in sub-modulation associated with a controller for
balancing each individual capacitor create the gate signals to physically control the converter.

PLL and Park transformation are additional elements used respectively for converter synchronization
with the grid and generation of grid voltage and current measurements in dq frame. These elements use
standard techniques. This is why they are not developed in this report.

Except from the PLL and Park blocks, all the 5 other blocks in Figure 4-8 will be analysed in the next
sections from the right to the left.
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4.2.2 Modulation technique and individual capacitor balancing

As already mentioned, the PS-PWM modulation technique is used to convert the n;, . into PWM
signals to control each SM (inserting or bypassing them). This PWM generation technique is the best
one concerning THD and help to maintain SM balancing in a leg. This leads to better internal dynamics

management. The principle of the classical PS-PWM for upper arm of leg 1 is explained in Figure 4-9.

r——
ng. PWMgp,u,
(modulation signal) — —> PWMgsp,0,
. ] >
L0 Comparator PWMgpu,
0.8
07 ——— PWDMgspy,u,
—] -
CarrierSMsu, os
[ sty os IS PWMSM5u1

0.

CarrierSMyu, o3
. 0.
CarrierSMsu, o1

0.0
0.0 z : 1.0 2.0 x 1e-3

e . tow
shift between the carriers = (%)

Figure 4-9: Classical PS-PWM principle for leg; upper arm with N = 5 submodules

Each carrier signal shifted equally over one period of commutation is compared with the arm insertion
index reference. It generates a PWM signal for each SM of the arm. This PWM signal is sent to each
gate driver which allows the insertion or bypass of the SM.

To improve the balancing of each capacitor voltage, N individual capacitor voltage balancing controllers
are added in each arm. Each controller follows the principle shown in Figure 4-10.

Figure 4-10: SM,u, voltage balancing controller

The arm insertion index reference is slightly modified for each capacitor in one arm. Depending on the
current direction in the arm, SM insertion index reference is slightly higher or lower than the arm insertion
index reference. SM insertion index reference general equation is written in (3.26).

X
Usmu,ly 5 5

* I .
nSMiu,ll'zl:; - Slgn(lu,ll'zs) N - uSMiu,ll‘Z’:; (326)

. KpuSM .

Each n}Miullm,3 is now a modulation signal reference for its related carrier signal. The principle of the
proposed hybrid PS-PWM for leg, upper arm is shown in Figure 4-11.
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Figure 4-11: PS-PWM & individual capacitor balancing technique for leg, upper arm with N = 5 submodules

4.2.3 Arm insertion index references calculations

As it can be seen in Figure 4-7 and not considering the modulation, arm insertion index references are
the inputs of the DSCC converter model. It means that insertion index references need to be calculated
thanks to other variables which need to be controlled. In this section, a per phase analysis is realized
for better reading.

As it can be seen in Figure 4-8, insertion index references are calculated thanks to ug and ug;,.

Indeed, injecting (3.19) in (3.7), leads to (3.27).

) Sy
Uy U TNy Uy, T Uy

BN BIN|=uy =— 7 (3.27)

The same for circulating voltage, by injecting (3.19) in (3.11), leads to (3.28).

) )
u, +u n, u +n;u
[BIDEBINGIN] ucire =~ Lo 5”“‘2 L sl

(3.28)

By subtracting (3.27) to (3.28) and supposing the delay in voltage control negligible, n, relationship
(3.29) is obtained.

Ucire — ug Ugire — u;
[B28) —@B2D [=m=—5—"~— (3.29)
Usyu Uspu

By adding (3.27) with (3.28) and supposing the delay in voltage control negligible, as for (3.29), n,
relationship (3.30) is obtained.

Upire + U Uninn + U
(B2 +@B28)|=>n =2~ (3.30)
Usm Usmn

It is now possible to realize the block diagram of arm insertion index references calculations, shown in
Figure 4-12.
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Figure 4-12: Arm insertion index references calculations block diagram

4.2.4 Output currents regulation

We now need to calculate the output voltages references ug, 4, 45. With the per phase schematic shown
in Figure 4-12 and considering the DSCC block diagram in Figure 4-7, it is possible to generate u; and
uz;,. references as proposed in Figure 4-13.

ugj
+ +l 1
i Gri(s)
i
- +
Leire GRicm (s)
ir:irc

Figure 4-13: Per phase currents controller block diagram
There are 4 interesting points to underline in Figure 4-13:

e Output and circulating currents controls are separated.

e ug is added as a feed-forward used to counteract grid voltage.

e Output of the circulating current regulator is inversed considering the sign of circulating voltage

in Figure 4-7.

. % is added as a feed-forward used for the same reason as from former point.
As already mentioned, output current control is realized independently from circulating current control.
In this section, only output current control is presented. Furthermore, considering now the three phases,
output currents references are generated using space vectors in dq frame. 3-phase output currents
controller block diagram is shown in Figure 4-14.
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Figure 4-14: 3-phase output currents controller block diagram
L¢q is defined in (3.31) while w is the grid angular frequency in [rad/s].
Lo
Leg = (Lg + =) (3.31)

Decoupling between i; and i, is realized. ug,, and uyy, are added as feed-forward, used to counteract
grid voltage. As in Figure 4-13, after inverse Park transformation, output voltages references ug; 4 43

are calculated and used in arm insertion index references calculation. Pl controllers with same
parameters are used for iz and i;.

4.2.5 Internal control

Internal control block, in combination with global energy control and individual capacitor balancing,
maintain DSCC internal stability.

Internal control block diagram is shown in Figure 4-15.

—_—

=
LCiTClzg +

-

Csm * UI%C +
N

Eleg,,; —|_Low Pass Filter

>
ucir‘clzg

0+ —
E leg =

. “

circ
123 u dc

Eprpe —v| Low Pass Filter |—>|(3436), (3.37) and (3.38) equations

Figure 4-15 : Internal control block diagram

Internal control block is composed of 3 principal controllers:

. GREleg: Leg energy balancing controller which regulates the mean total energy in each leg to

B — CsmUpc
leg N

® Ggg,: Arm energy balancing controller which equals upper arm energy to lower arm energy in
each leg.
* Gp;,, Circulating current controller which regulates the circulating current in each leg.

Furthermore, due to absence of physical DC-link, the sum of circulating current of each leg is zero as
written in (3.32).
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leire, tlcirc, T lcire; = 0 (3.32)

The arm energy balancing controller ensures a balanced operation between the upper and lower arm
by regulating the average energy stored in each of them at the same value. The arm energy difference
is composed of a DC and a fundamental term. The fundamental component of the energy is directly
linked with fundamental of the circulating current, which is responsible for exchanging active power
between the converter’'s arms. The controller acts only on the fundamental component of the arm energy
difference of each leg.

As already mentioned, circulating currents are coupled by nature in the DSCC. As a result, an injection
of circulating current fundamental frequency in one arm of the DSCC leg would unavoidably couple with
the other legs of the converter, if no further action is taken. According to [7], to achieve a decoupled
control, injection of active current in one phase and reactive currents in the other phases is realized so
that the average of the capacitor voltages is not shifted. Consequently, the total average energy
difference remains unaffected. This concept leads to the following decoupling equations (3.33),(3.34)
and (3.35), taken from [7].

1 - j Q— T j T

iire, = Ea, (t) - cos(w; - t) + EEAz(t) ~cos(wq * t + E) + ﬁEA3(t) ~cos(wq "t — E) (3.33)
e - T 1 — 7T 1 — T (3.34)
icire, = En,(t) " cos(wy -t — ?) + ﬁEAl(t) ~cos(w; "t — ?) + ﬁEA3(t) ~cos(wy "t — g)
D 2t 1 w1 m.  (3.35)
lcire; = Eng(t) " cos(wy -t + ?) + ﬁEAl(t) ~cos(w; "t + ?) + EEAz(t) ~cos(wy "t + g)

The complete principle of arm energy balancing controller works as follows. Energy measurements pass
through the low pass filter with cutting frequency at % Then the means are sent to the decoupled

equations. It is worth to mention that this decoupling gives 3 signals at the fundamental frequency. These
signals are the fundamental component refences for the circulating current in each leg and allow to
maintain the balance of energy between arms in each leg.

The leg energy balancing controller maintains the average energy stored in each leg to a defined value
given in (3.36).

E*leg _ Csy - Ul%C

N
Indeed, as it can be seen in Figure 4-15, each leg energy is measured and passes through a low pass
filter with cutting frequency at % to access the mean value. The result is compared with the reference
value E*leg. The difference is regulated to zero by the GREleg regulator. The reference signal sent by this
regulator represents the DC component of the circulating current for each leg.

(3.36)

The circulating current is regulated according to the reference values sent by the energy controllers
above mentioned. As already expressed, the reference signal to follow is composed of a fundamental
and DC component. Furthermore, the circulating current of an DSCC presents naturally a second order
harmonic component when the current of fundamental frequency is controlled. To regulate properly all
the frequency components of the circulating current, a Proportional Integral Resonant (PIR) controller
Gri,;y. With control of fundamental and second harmonic component is used, as in [7].

Leg energy balancing controller is a proportional controller while arm energy balancing controller is a
proportional controller with a sinusoidal component to generate the fundamental component setpoint for
circulating currents.

4.2.6 Power and total energy control

As already mentioned, the purpose of the converter control is first to insure a control of reactive power
injected in the PCC. This is why reactive power reference is required. Reactive power control is realized
using the mathematical relationship between power and current in the dq frame. The general relationship
is given by (3.37).
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p+jq= = (Ug—jUy) - (Ia+jly) (3.37)
2

Where:

e pisinstantaneous active power [W]

e g isinstantaneous reactive power [var]

e (Uq —jUy) is the conjugate of the voltage space vector in dq rotating frame at grid frequency
e (I4+jly) is the current space vector in dq rotating frame at grid frequency

Isolating the real and imaginary part of the right-hand side of (3.37) leads to (3.38) and (3.39).

p=5(Ugla+Uq1q) (3.38)

(3.39)

q= '(Ud'lq_Uq'Id)

N| W N W

Using a PLL synchronized on the grid frequency to set the parameter U, to zero leads to (3.40) and
(3.41).

p=5"Ug Iy (3.40)

(3.41)

q= 'Ud'Iq

N[ W N| W

Thanks to (3.41), the relationship between Q* and i; is available. Remastering (3.41) putting I, as a
function of g, it is now possible to generate i; setpoint based on the desired Q. Itis given in (3.42).

(3.42)

As shown from (3.40), i;; setpoint is responsible of active power exchange between the converter and
the grid. In STATCOM application, ideally no active power is exchanged. However, in practice, active
power is exchanged to cover the converter losses. The losses are not constant over the time. It means
that a controller has to be set to calculate the real time amount of active power to absorb from or inject
in the grid. This controller is realized by controlling the real time total energy stored in the DSCC at a
constant desired value. It allows the DSCC to have the total energy needed to maintain the internal
dynamics in a stable operation. Furthermore, in steady state conditions, it regulates Upy to Up. (Where
Upc is the setpoint needed to satisfy the DSCC mathematical modelling exposed above). Indeed, the
total energy stored in the DSCC is the sum of the 3 leg energies which are regulated as reminded in
(3.43).

B = Csm * Upc (3.43)
leg N
It leads to a total energy setpoint E;,; in the DSCC given in (3.44).
Csm - Uz%c (3.44)
N

Csw and N are constant values. Considering that £*,,, = E., for each phase, means that E;,, = Ef,;
and finally Uy, = Upy. A Pl controller is used to control the total energy of the converter.

Efot = 3'E*leg =3
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Figure 4-16 shows power and total energy control block diagram.
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Figure 4-16: Power and total energy control block diagram

This last figure completes the description of the DSCC control in balanced grid.

4.3 CONTROL IN UNBALANCED GRID

The DSCC control in balanced grid is not sufficient when the grid becomes unbalanced. It leads to grid
desynchronization and internal divergence of arm voltages. These issues are not acceptable when
connected to the grid in case of unbalanced. This is why a second control scheme is proposed.

4.3.1 Overall control in unbalanced grid

To deal with unbalanced grid, the new overall diagram is given in Figure 4-17.
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Figure 4-17: DSCC overall control block diagram in unbalanced grid

It changes a bit the overall control presented in Figure 4-8. As for SSBC in unbalanced grid conditions,
output voltage references ug, 4,43 are calculated using PLL, Lyon and Park transformations as
presented in section 162.6. Internal control block, as well as the insertion indices calculations and gate

41/57



-+

signal generation blocks are the same blocks used in the balanced control. In the next sections, only
the new blocks are presented.

4.3.2 DVCC for DSCC

The DVCC block detailed in Figure 4-18 contains the current regulators for the dq currents of the positive

and negative sequence. The outputs of the current controllers pass through the inverse Park
transformation and are summed to give the final output voltage references ug, ,, 43 This decoupling
between the positive and negative sequences allows to control individually the two sequences. The
principle is the same as the one of the SSBC and SDBC topologies.

e

T ¥
“19 ‘ciq lltgscz,q By
P CC positi uiq ; + -
T ositive q
l:{q — P Park? Ug1,92,93
' sequence
— _ + ¥ O S—
Wg lgq Ugsgq =0, F— Ugi,92,93
+‘I
= CC negative da Dark! = 2
d.q sequence 91.92.93

Figure 4-18: DVCC block diagram for DSCC

Here the CC positive and negative sequences are using the principle shown in Figure 4-14 replacing dq
components by either the positive or the negative corresponding sequence.

4.3.3 Power and total energy control in unbalanced grid

The total energy control is still the same but this time, it generates the i "reference. i;* is now the output
of the power calculations in dqg frame for Q* using u;sd. It is important to note that during grid unbalanced,
ug,, is smaller than ug, , in balanced grid. It means that ig* has to be limited not to exceed the maximum
power of the STATCOM. Figure 4-19 shows the equivalent block diagram.
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Com - Unn®  + i
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. 2 lg
QAC g - mer el e—
3 ug,

Figure 4-19: Power and total energy control block diagram in unbalanced grid
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5 OPERATING RANGE OF THE PROJECT

The operating range in this project is well defined. From [1], we know that the current exchanged
between the STATCOM and the grid is balanced. Furthermore, the grid voltage has a low level of
unbalance in normal operation but can also have a high degree of unbalance (ﬁn/ﬁp) if a fault occurs in
the grid. The objective is that the STATCOM continue to operate even during the fault condition.

In [1], the different faults occurring in the grid are analysed. The results are summarized in the Table
5-1.

Substation Boisdavaux Polny
sc type single-phase two-phase single-phase two-phase
Amplitude | Phase | amplitude | phase | amplitude | phase | amplitude | phase
[pu] [rad] [pu] [rad] [pu] [rad] [pu] [rad]
U, 0.986 2.624 0.492 -2.094 0.987 -2.211 0.640 -0.259
U, 0.006 2.405 0.492 2.094 0.005 -2.524 0.352 -2.213
U, 0.992 -0.519 0.492 0.000 0.996 0.923 0.493 1.915

Table 5-1 : Grid voltage at “Boisdavaux” substation sequences when a fault occurs in the grid

The grid defaults are a single-phase or a two-phase to earth short-circuit. These defaults could appear
at the “Boisdavaux” or “Polny” substations. When the fault occurred, the temporal voltages at the PCC
of the STATCOM are simulated and transformed in the positive, negative and zero sequences. Their
amplitude are expressed in per unit and the phase in radian gives the phase of the phasor A. Obviously,
the phasors B and C have a phase difference of £211/3 with the phasor A. Finally, the zero sequence
voltage are in phase for the A, B and C phasors.

From the results presented in the Table 5-1, three cases can be defined:

1. Single-phase short-circuit: no matter in which substation the default occurs, the positive and
zero sequences are near 1 pu and the negative sequence is near 0 pu.

2. Two-phase short-circuit in Boisdavaux: the three sequences have the same amplitude. It gives
a high degree of unbalance U, /U,= 1.

3. Two-phase short-circuit in Polny: the three sequences have different amplitude. The degree of
unbalance is smaller than in the previous case, U, /U,= 0.55.

One important thing which is the same in the three cases is that the zero sequence in the grid voltages
will not be seen by the STATCOM. Indeed, because the STATCOM is not referenced (linked) to the
neutral line of the grid, the system can be considered as floating and thus it will not be affected by the
zero sequence voltage of the grid.

Concerning the current exchanged between the STATCOM and the grid, it is supposed that it is
balanced in each case. The amplitude is equal to 1 pu and the majority is given by the reactive power
(90° phase-shift current compared to the PCC voltage). A little amount of the current is given by the
active power (in phase current) to compensate the losses in the STATCOM.

Each STATCOM topology work well on a balanced grid without any fault. So, the effectiveness
evaluation of each STATCOM topology is done on its capability to operate properly when a fault occurs
in the grid. The three STATCOM structures are evaluated here under:

- SSBC: as explain in the section 2.6.1.1, the ZSVC strategy control is sensitive to the degree of
current unbalance I,/I, and support well unbalanced voltage. The Figure 2-15 shows that if
L,/L, = 1, the zero sequence voltage to generate tends to infinity. But, as explained above, the
currents are well balanced, thus the ZSVC strategy seems to be a good solution for the different
operating points. On the contrary, the NSCC strategy cannot be used when it has a two-phase
short-circuit at the substation “Boisdavaux” because U, /U,= 1 (see explication in the section
2.6.2).

- SDBC: as explain in the section 3.3.1.1Erreur ! Source du renvoi introuvable., the ZSCC
strategy control is sensitive to the degree of voltage unbalance U,/U, and support well
unbalanced current. The Figure 3-7 shows that if U,/U, = 1, the zero sequence current to
generate tends to infinity. This degree of voltage unbalance U, /U, = 1 is reach when it has a
two-phase short-circuit at the substation “Boisdavaux”. Due to this, the ZSCC strategy cannot
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be used at this operating point. It is the same conclusion for the NSCC strategy as explain in
the SSBC structure.

DSCC: According to state of the art presented in [1], DSCC topology, having more degree of
freedom than SSBC and SDBC and with a suitable control, is able to work with every type of
unbalance. The single-phase short-circuit is managed correctly with the control proposed in
section 4.3 (verified by simulations). However for two-phase short-circuit, in the literature, this
control has never been tested and in the current state of the simulation analyses, it appears that
DSCC internal dynamics is not stable for all types of reactive power exchanged. To verify this
case, an entire operating range of the DSCC was not found in the literature and has to be
calculated. HEIG-VD team needs more time to realize this study and draw a conclusion on this
case.

As a conclusion, from the analysis here above, the SSBC topology with the ZSVC strategy is selected
for the simulation analysis because it seems to work well in all the operating points of the project. On
the contrary, the SDBC structure will not be more simulated because it was demonstrated that it cannot
work in the case of a two-phase short-circuit at the “Boisdavaux” substation.

For the DSCC, the question is still open and need further investigations. An additional report presenting
the results will be sent later on.
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6 SIMULATION RESULTS

In the previous chapters (2, 3 and 4), three topologies were presented and analysed. They are the
SSBC, the SDBC and the DSCC. Furthermore, in the chapter 5, the operating range of the project, and
in particular when a fault occurs in the grid, shows that the SDBC cannot works properly in all operating
points of the project. So, only the SSBC and the DSCC will be simulated in more details. The simulations
are done in the simulation software PLECS.

For each STATCOM structure, the first part of simulations proves the well operation of the system on a
balanced grid with unbalanced cluster voltages ug,, (for SSBC) or uEMu_l (for DSCC). The control
strategy must rebalance the cluster voltages when it is activated.

The second part of simulations proves the well operation of the STATCOM in case of an unbalanced
system due to a fault in the grid. The three possible operating points with a fault in the grid are defined
in the chapter O.

6.1 SSBC SIMULATIONS

As a reminder, the Figure 2-1 represents the schematic of the converter. The simulation parameters are
defined in the Table 6-1.

Parameter Value Parameter Value
Ugs 4003 [V] Com 3.63 [mF]
fq 50 [Hz] Sipu 5 [kVA]
Lg 10 [uH] uEML 425 [V]
R, 10 [mQ] few 1 [kHz]
La 15 [mH] tdeadband 1 [US]
Ra 200 [mQ] fsample S [kHZ]
Nsm 5 [']

Table 6-1 : simulation parameters for the SSBC simulations

Sipu is the nominal apparent power of the converter. uEML is the nominal value for the cluster voltage.
Each submodule switch at a frequency of f,, with a dead-band time of t;.44panqa- Finally, the sampling
of each measure is done at fampie (fow * Nom)-

6.1.1 Rebalancing of the cluster voltage

In this simulation, the STATCOM exchanges the nominal reactive power with positive sequence current.
At the beginning, the ZSVC control strategy is deactivated. At 0.2 [s], a negative sequence current is
generates to unbalance the cluster voltages uEML. At 0.25 [s], the negative sequence current is removed
and it remains only the positive sequence. Finally, at 0.3 [s], the ZSVC control strategy is activated. The
Figure 6-1 shows the more interesting quantities of the simulation.
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Figure 6-1 : SSBC, rebalancing of the cluster voltage simulation

Each part of time is analysed here below. Keep in mind that the voltage at the PCC are balanced during
all this simulation:

- 0.15[s] <t < 0.2 [s]: the grid currents are balanced and so the cluster voltages remain well
balanced.

- 0.2[s] <t<0.25[s]: the grid currents are unbalanced, because the ZSVC control strategy is not
activated, the cluster voltages derived from their stable average value.

- 0.25[s] <t < 0.3 [s]: the grid currents are balanced again. The cluster voltages stay at their
unbalanced values.

- 0.3[s] <t<0.5][s]: the ZSVC control strategy is activated as it is visible on the last graph (ug #
0). The cluster voltages present a transient and are rebalanced.

Note that the currents grid have a THD of 0.4% at 0.5 [s]. This THD increase only of 0.1% when the
cluster voltages are unbalanced and the ZSVC is activated.

This simulation demonstrates that when the grid voltage at the PCC are balanced and the cluster
voltages are unbalanced, the ZSVC is able to rebalance the cluster voltages thanks to the generation
of the zero sequence voltage.

6.1.2 One-phase short-circuit

Now, it is checked that the STATCOM is able to continue to operate when a one-phase short-circuit
occurs in the grid. As explain in the chapter 5, wherever the short-circuit appears, the PCC voltages
seen by the STATCOM is quiet the same.

In this simulation, the STATCOM exchanges the nominal reactive power with positive sequence current
before the fault occurs. Once the fault appears at 0.2033 [s], the objective of the converter is to continue
to exchange the same amount of current as before the fault apparition. The Figure 6-2 shows the more
interesting quantities of the simulation.
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Figure 6-2 : SSBC, one-phase short-circuit simulation

The grid currents and the cluster voltages do not change between before and after the default apparition.
More, the ZSVC control strategy does not seem to change its behaviour when the fault occurs. As
explain in the chapter Erreur ! Source du renvoi introuvable. , this is because the converter is not
influenced by the zero sequence voltage of the grid. So it sees only the positive sequence and a very
little negative sequence voltage. Note that if the ZSVC control strategy is removed, the little amount of
negative sequence voltage will drift softly the cluster voltages uEMLi. So the ZSVC control strategy must

be implemented to have a good operation of the converter. Finally, the grid currents present, as the
previous point, a THD of 0.4%.

6.1.3 Two-phase short-circuit

In this section, it is checked that the STATCOM is able to continue to operate when a two-phase short-

circuit occurs in the grid. From the chapter 5, it has two interesting substations where the short-circuit is
done. Boisdavaux and Polny.

In this simulation, the STATCOM exchanges the nominal reactive power with positive sequence current
before the fault occurs. Once the fault appears at 0.2033 [s], the objective of the converter is to continue
to exchange the same amount of current as before the fault apparition. The Figure 6-3 shows the more
interesting quantities of the simulation for the short-circuit at Boisdavaux substation.
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Figure 6-3 : SSBC, two-phase short-circuit at Boisdavaux simulation

It is important to note that the cluster voltages uEMu had to be increased in order to be able to generate

the zero sequence voltage with a high amplitude (about 200 [V]). So, the average cluster voltages were
increased from 425 [V] to 560 [V] (+32%).

When the fault appears, the ZSVC control strategy generates a zero sequence voltage about 200 [V]
amplitude. The control makes possible to limit the unbalance of the cluster voltage and even to
rebalance them. If the ZSVC control strategy is removed, the cluster voltages reached quickly the
physical values for a well operation of the converter. Finally, the grid currents present a THD of 0.6%.
Compare to the previous section, this is half more and is due to the increase of the cluster voltage which

allow to generate larger output voltage but with a lower resolution since the number of cells has not
changed (Nsw = 5).

The Figure 6-4 shows the results of the simulation for the short-circuit at Polny substation. Here, the
same analysis can be done as for the short-circuit at Boisdavaux substation. It can ben noted that the
zero sequence voltage amplitude is lower than for two-phase short-circuit at Boisdavaux. The short-
circuit in Polny is then less critical than the one directly at the Boisdavaux substation.
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Figure 6-4 : SSBC, two-phase short-circuit at Polny simulation

6.2 DSCC SIMULATIONS

As a reminder, the Figure 4-1 represents the schematic of the converter. The simulation parameters are
defined in the Table 6-2.

Parameter

Value Parameter Value
Ugs 4003 [V] Csm 3.3 [mF]
fq 50 [HZ] Sipu 5 [kVA]
Lg 3 [mH] uEMul 800 [V]
Ry 100 [mQ] few 1 [kHZz]
Ly 6 [m H] tgeadband 1 [}J.S]
Ra 200 [mQ] fsample 5 [kHZ]
Nsm 5 ['] (by arm)

Table 6-2 : simulation parameters for the SSBC simulations

Sipu is the nominal apparent power of the converter. uEMul is the nominal value for the cluster voltage

(by arm). Each submodule switch at a frequency of f;, with a dead-band time of t;.44pana- Finally, the
sampling of each measure is done at fsgmpie (fsw - Nsm), @s for the SSBC.

6.2.1 Rebalancing of the internal voltages

In this simulation, the STATCOM exchanges the nominal reactive power with positive sequence current.
Before 0.4 [s], overall DSCC control is activated. At 0.4 [s], a negative sequence current is generated
and internal as well as total energy controllers are deactivated to unbalance the leg cluster voltages
uEMLeg and the arm cluster voltages uEMu and u§Ml within one leg. At 0.45 [s], the negative sequence

current is removed and it remains only the positive sequence. Finally, at 0.5 [s], the overall control is
activated. The Figure 6-5 shows the more interesting quantities of the simulation.
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Figure 6-5: DSCC rebalancing of internal voltages simulation

Each part of time is analysed here below. Keep in mind that the voltage at the PCC are balanced during
all this simulation:

- 0.35[s] <t<0.4[s]: the grid currents are balanced and so all the internal cluster voltages remain
well balanced (thanks to internal control).

- 0.4[s] <t<0.45[s]: the grid currents are unbalanced and because the internal controls are not
activated, the leg and arm cluster voltages derived from their stable average value (each one in
a different way). It can be seen that uEMul (in blue) arm cluster voltage and thus the uEMLEgl (in

blue) leg cluster voltage are the most affected.

- 0.45[s] <t < 0.5 [s]: the grid currents are balanced again without the internal controls. The
cluster voltages stay globally at their unbalanced values.

- 0.5[s] <t< 0.7 [s]: all internal controls are activated. The leg and arm cluster voltages present
a transient and are rebalanced.

Note that the grid currents have a THD of 0.9 [%] at 0.7 [s]. This THD is 1.2% higher during the rebalance
at 0.55 [s]. This is also a good THD given that this case is a case that shouldn’t appear in reality. Indeed,
internal controls are always activated preventing this kind of internal unbalance.

This simulation demonstrates that when the grid voltage at the PCC are balanced and the cluster
voltages are unbalanced, the internal control is able to rebalance the cluster voltages.

6.2.2 One-phase short-circuit

Now, it is checked that the DSCC is able to continue to operate when a one-phase short-circuit occurs
in the grid. As already explained in the previous chapters, wherever the short-circuit appears, the PCC
voltages see by the STATCOM is quiet the same.

In this simulation, the DSCC exchanges the nominal reactive power with positive sequence current
before the fault occurs. Once the fault appears at 0.3888 [s], the objective of the converter is to continue
to exchange the same amount of current as before the fault apparition. The Figure 6-6 shows the more
interesting quantities of the simulation
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Figure 6-6: DSCC one-phase short-circuit simulation results

The grid currents and the internal cluster voltages stay the same before and after the default apparition.
Even during the short circuit (here during 0.4 [s]), the right amount of current is exchanged and the
internal cluster voltages stay balanced around the nominal value. It validates the correct operation of
DSCC during one-phase short-circuit in the grid. As explained for the SSBC, this is because the
converter is not influenced by the zero sequence voltage of the grid. It sees only the positive sequence
and a very little negative sequence voltage. To confirm the results, THD before and after is measured.
Grid currents THD is 0.9 [%] att =0.35 [s] and 1.0 [%] att = 0.7 [s]. THD is not affected during the short-
circuit.

6.2.3 Two-phase short-circuit

This section does not contain any simulation results because these results are not conclusive.

As mentioned in the section 5, according to state of the art presented in [1], DSCC topology has more
degree of freedom than SSBC and SDBC. Therefore, with a suitable control, DSCC should be able to
work with every type of unbalance. However, for two-phase short-circuit, in the current state of the
simulation analyses, it appears that DSCC internal dynamics is not stable and internal cluster voltages
drift until impossible values. As a consequence, grid current exchanged is also greatly distorted with a
THD of around 20%. All these elements are not acceptable.

In order to see if this control and topology are able to work in such default case, the entire operating
range of the DSCC has to be calculated in the same way as for other topologies. No information for this
was found in the literature. HEIG-VD team needs more time to realize this study and draw a conclusion
on this case. Another report will be provided later on to present the results of this part.
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7 CONCLUSION

This report presents the theory analysis of three different converter topologies: the SSBC, the SDBC
and the DSCC. The operating range of each topology was studied. In parallel, several operating points
of the grid in this project were taken from the analysis done in [1]. By comparing the different operating
range/points, the SDBC topology has been removed from the potential solutions since it cannot operate
properly when the condition U,/U, = 1 is reached. This condition of large degree of unbalance of the
grid voltage can appear when it has a two-phase short-circuit.

Finally, the SSBC topology with the ZSVC strategy has demonstrated that the converter is able to
continue to operate even when a one-phase or a two-phase short-circuit occurs in the grid. It was proven
that the currents continue to be generated with a low THD and that the cluster voltages stay balanced
thanks to the ZSVC control strategy.

Concerning DSCC topology control strategy presented, results are conclusive for one-phase short-
circuits appearing in the grid. However, additional time is needed to analyse more in details if two-phase
short-circuit are possible to manage with this topology and control. Another report will be provided later
on to present the results of this part.
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9 APPENDIX

9.1 ZSVC DEVELOPMENT

Let assume that all the quantities are sinusoidal. The SSBC will generate positive, negative and zero
sequences arm voltages ugy,, . These definitions are shown in the equations (9.1).

LLI = ip . ej'gp +i‘l’l . ej'6n

I, =1, ef'(5p‘zTn) +1, - ej'(5n+ZTn)

I, =1, ef'(5p+zTn) +1, - ej'(Sn‘ZTn)
R 9.1)

QSMLI = ) e]ep -|— l’]\TL . e]en + l70 . ej'aO

2

Usmrz = Uy - ej'(ep_z'Tn) +0, - ej'(6"+ 7) + U, - el %o

2

Usmis = Up - e (o) 4 0, -’ n3) 4 g, - e

The active power in each phase can be calculated by:

P, = R{S1} = R{Usmr, - 1.} = Peom + Pimb i 9.2)
with:
ﬁp 'ip

U, I
Poom = > -cos(8, — 6,) + nn

P
- cos(6, — 6y) =% 9.3

and

U, I U, I
L n-cos(ep—5n)+ r_F

Ky

ﬁo'fn

. cos(@n - 5p) + -cos(ay — 8y)

Pinpr1 =

—~ a

oD

4-r ﬁn-fp 4-m\ Uy-1I,
-cos<9p—5n—T)+T-cos(9n—6p+T)+ >

E. cos(ao — 5p)
(9.4)

—~ a

a, - I,

Pimpr2 =

K;
2;ﬂ)+ﬁo.ip-cos(0¢ -6 +2_7r)
3 2 ° P 3
Using the trigonometric relation cos(a + ) = cos(a) - cos(B) — sin(a) - sin(B) and doing simplifications,
equations (9.4) becomes:

- oS (ao — 6, —

_ I I _
Pimp11 = K1 + Uy - cos(ay) - [?n cos(8,) + ?p- cos(Sp)] + U, - sin(ay)

1
Ks=5R{I1,}

I I (9.5)
. [7 - sin(8,) + > sin(6p)]

1
Ky =§'5{1 Ly}
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~ I, 2-m fp 2.1
Pimp 12 = Kz + Uy - cos(ay) - 7'005(571"‘7)"‘3'005(519—7) +

This equations can be modified to the next ones:

Pinpr1 — K1 - ~
”ZOSTO) =Uy-K;+ U, K, - tan(ay)
P K 5-0)
imbL2 — 82 = ~
UZOST =Uy-Ks+ Uy Kg - tan(a,)
Dividing the first one by the second one:
Pimpr1 — K1 Kz + K, - tan(ao)
= 9.7

Pimprz — K2 Ks + K - tan(ag)
Now it is possible to isolate the tan(a,) as shown in equation (9.8).
(Pimb 12 — K2) - K3 — (Pimp 11 — K1) - K o5
Pomb 11— K1) - K6 — Py 12 — K2) - Ko ©8)

Injecting (9.8) in (9.6), the amplitude of the zero sequence voltage can be evaluated.

tan(a,) =

5o Pimp 11 — K1 _ Pimp 12 — K3
0 K; - cos(ay) + K4 - sin(ay) Ks - cos(ay) + Kg - sin(ay) (9.9)

The equation (9.9) shows 2 different ways to compute the amplitude of the zero sequence voltage. It is
recommended to use the one that has the biggest denominator.

Note that the different variables K, to K, are define here below.

0,1, U,
K, = p2 = cos(6, — 8,) + nz £ cos(6, — 5,)
U, I 4-m\ O, 1 4.1
_UYpin n ip
K, = > -cos(ep—Sn—T)+ 5 -cos(Bn—6p+T)
I, i,
K3 = R cos(6,) + > cos(Sp)
. . (9.10)
L . I .
K4=?-sm(5n)+?-sm(5p)
2-m fp 2.
Ky = — cos(6n+T)+7-cos(5p—T>
I, 2-m\ I, 2-m
K6—7-51n(6n+T)+5-sm<6p—T)

To evaluate the different quantities in the variables K; to K, the equations (9.11) are used.

.+ p—
. /.+2 42 _ la\ + _ ’-_2 2 _ 'q
I, = |ig" +ig", 6, =atan2 (ﬁ)’ Iy = [ig®+ig° 6, =—atan2 <l—_> (9.11)

da
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9.2 ZSCC DEVELOPMENT

Let assume that all the quantities are sinusoidal. The SDBC exchange positive and negative sequence
currents with the grid. The grid contains positive and negative sequence voltages. Moreover the
converter generates an internal zero sequence current. These definitions are shown in the equations
(9.12).

~

_ Sy L T . JOn o F . )6
Lle_ pe] p+1n.e] ‘n+IO.e] 0

21T

I, =1, ef'(ap‘zTn) +1,- o (5n ) 4 Iy - el %
(

. 2T . 2T .
£L31 = ip . e]' 8P+T) + fn . e]'((gn_T) + iO . e]'60
7y j i 9.12
Usmpr = U, - e7% + T, - /% (©.12)
2m 2
Usmrz = Uy, - €’ (=) +U,- e’ (6n+557)
T , 21
Usmiz =0, - €’ (00+5) 4 U, - ACHS S
The active power in each phase can be calculated by:
PLij =R {iLij} = ER{QSMLi ELJ} = Peom + Pimp Lij (9.13)
with:
U, I 0. -7 p
Peom = =5+ €05(8, = 6,) +——— 05 (6 — 6n) =% (9.14)
and
0. -1 o i o .1
Pimp 112 = pz = cos(0, = 8,) + nz £ cos(6,—8,)+ p2 0. cos(6, — &)
. K1
U, -1
nz % cos(6, — 8y)
0,1 4oy Oyl 4omy 0,-5, ©9
: *TT * - TT -1y
Pimb 123 = £ n'005<9p —0p —T>+%-cos(9n—6p +T>+pT
K3
2-m\ U,-I 2-m
-cos(ep — & 3 )+ 5 -cos(@n—50 +—3 )

Using the trigonometric relation cos(a + ) = cos(a) - cos(B) — sin(a) - sin(B) and doing simplifications,
equations (9.15) becomes:
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. a, 7, .
Pip 112 = K11 + 1y - cos(8,) - > cos(6,) + > cos(Qp) + Iy - sin(8y)

K13=%'5R{25ML1}

—~

U, U
. [771 - sin(6,) + 717 . sin(Hp)

. U, 2-m ﬁp 2-m (9.16)
Pimp 123 = K12 + [y - cos(6y) - | = cos (Hn + —) +—-cos (Bp - —) +
2 3 2 3
K15=5R{U sm1, }
+ly - sin(8y) Oy '(9 L +l7" i (9 2“)
o - sin(8, 5 " sin{On 3 5 " sin{0p 3

This equations can be modified to the next ones:

Pimp 112 — K11
cos(6y)
Pinpr23 — K1z - &
lTnCOT(SO) = IO . K15 + IO . K16 . tan(50)
Dividing the first one by the second one:

= io . K13 + fO . K14 . tan(50)
(9.17)

Pimpr12 — K11 Kiz + Ky - tan(6y) 015
Pimp 123 — K12 Kis + Ky - tan(6p) (9.18)
Now it is possible to isolate the tan(a,) as shown in equation (9.19).

(Pimb 123 — K12) - K13 — (Pimp 112 — K11) - K35 015
(Pimb 112 — K11) - K16 = (Pimp 123 — K12) * K14 (9-19)
Injecting (9.19) in (9.17), the amplitude of the zero sequence current can be evaluated.

tan(8y) =

i = Pimb 112 — K11 _ Pimb 123 — K12
0 Ki3 - cos(8y) + Kq4 - sin(8y)  Kis - cos(8y) + Kig - Sin(6y) (9:20)

The equation (9.20) shows 2 different ways to compute the amplitude of the zero sequence current. It
is recommended to use the one that has the biggest denominator.

Note that the different variables K, to K;, are define here below.

—~ a

0,1 U, 1
Ky, = —2—""-cos(6, - 8,) + n2 2. cos(6, — 5,)
U,-I 4.7 U, -1, 4-r
Ky, = pZ n-cos(Hp—6n—T)+ n2 p-cos(ﬁn—5p+T>
U, U
Ki3 = 7” cos(6,) + 719- cos(Bp) (9.21)
U, U
Ki4 = 7” - sin(6,) + 719 . sin(Bp)
U, 2-m Up 2-m
K15 :7'C05<9n+T)+7'COS<9p—T)
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