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Abstract—In case of ground faults, the power flows
within multiterminal DC grids must be redistributed to
drive the current in faulty lines to zero. This paper
completes a previously presented method for generating
such transitions by a central component, a new feedback
control to correct undesirable deviations from the desired
behavior.

I. INTRODUCTION

To reinforce existing medium-voltage distribution
grids, meshed DC grids which are coupled to the ex-
isting AC grid(s) by Modular Multilevel Converters
(MMCs) [1] have become the subject of intensive re-
search in recent years. Such Medium Voltage Direct
Current (MVDC) grids offer the ability to enhance power
distribution capacity, improve operational flexibility, and
increase power quality in distribution grids [2].

Since DC networks have a faster grid dynamics, and
since the currents do not have natural zero crossings, the
fault management, especially of ground faults, is a key
issue [3]. Additional DC breakers to disconnect faulty
sections require high investment costs and frequently
cause additional losses. An alternative approach, which
enables uninterrupted grid operation, is to move the
power flow quickly but smoothly to the healthy parts of
the grid and to drive the current in faulty lines to zero.
For this purpose, the power flow controllers (PFCs) can
be used, which are commonly located at grid nodes to
control the power flow during normal operation.

When the DC midpoint at each MMC is grounded
via a high impedance (see Rp;q, in Fig. 1), a pole-to-
ground fault in a single line (cable) does not lead to
a short circuit, since no current will flow in the ground
loop. This gives sufficient time to design the transition to
a new power flow distribution in the grid, characterized
by zero current in the faulty line. In [4], a feedforward
control method has been proposed for generating smooth
and fast transitions between steady states.

The continuous input signals designed by the feedfor-
ward control must be realized by the MMCs and PFCs by
means of switching operations. This type of realization
inevitably leads to discretization errors which, together
with external disturbances, cause the controlled variables
to deviate from their desired trajectories. Therefore, it
is crucial to complete the feedforward control by a
feedback loop. This is exactly the original contribution
of this paper, namely to present a new feedback control
which effectively corrects unwanted deviations from the
desired trajectories for all relevant state variables of the
DC grid. It should be noted that some parts of the
proposed feedback control are inspired by [5], where
a feedback control for a single MMC was introduced.
However, the task of regulating a DC grid involves a
whole host of further challenges, which have been solved
here.

The method is demonstrated on the basis of an
example network which is presented in Section II. It
resembles the network in [4], but is equipped with 3
instead of 2 PFCs in order to increase its controllability.

II. DESCRIPTION OF THE DC GRID
A. Structure and variables

1) Model of MMC: Each MMC shown in Fig. 1
couples the DC grid with a 3-phase AC system with
grid frequency fac = wac/2m. The space vectors
representing symmetric AC voltages and currents are
e = (uaca uacs) and e = (iaCa,iacs).
Assuming a time scale long enough ( in the magnitude
of At = 100us [6]), all full-bridge submodules in each
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Fig. 1: Structure of Modular Multilevel Converter

of the 6 arms can be effectively considered as acting
collectively as a controllable voltage source up 1, ..., Un 3.
Therefore, considering these arm voltages, which form
central input variables of the grid dynamics, as real-
valued, continuous-time signals only makes sense for
time scales slower than At. Consequently, all time scales
of the control will be specified as multiples of At.

An important quantity is the total energy stored in
all submodules of the MMC, denoted as W o, since its
dynamics is closely related to the power flows in the
grid.

2) DC grid configuration: Fig. 2 depicts a DC grid
configuration which is very similar to that presented
in [4]. Three Modular Multilevel Converters (MMCs),
called MMC1, MMC2, and MMC3, connect the grid to
the respective AC networks. The DC lines that link the
positive DC terminals of the MMCs create the p-ring,
and in the same way, the n-ring is formed.

Each DC line in the grid is modeled by a resistance
R and an inductance L, while the capacitance is ne-
glected. Both rings are star-connected in the middle,
offering a redundant path for power flow among the
converters in case of faults. The hexagon-form grids,
including the lines in the middle, are called the internal
rings. MMC1&2 operate as AC-DC converters that inject
power into the internal DC grid, while MMC3 serves as a
DC-AC converter, providing power output to the external
third AC system. All variables and notations relating
to an MMC are labeled by the superscript (@) with
a =1,2,3. At each terminal of the MMC, two internal

currents are denoted by zﬁffj and z((;ézu The subscript

p/n

specifies whether the variable belongs to the p- or n-ring.
The MMCs cannot control the current in the transmission
lines of the internal rings, so the PFCs are needed for
that task. In contrast to [4], three PFCs are inserted here
to achieve better controllability of the power flow in the
grid.

3) Model of PFC: The Power Flow Controller (PFC)
shown in Fig. 3 is suitable for medium-voltage applica-
tions and consists of a single capacitance connected to
the grid lines via six switches in full bridge topology.
The capacitance voltage is called u¢, and the small inter-
nal resistance contribution can be neglected. Each PFC
displays two independent line-to-line voltages denoted
by up, and upg, serving as effective control inputs for
the dynamics of the currents and PFC energies. The
switching frequency is assumed to be high enough so
that the signals ur, and urg can be considered as real-
valued input signals at time scales of At = 100us and
above.

In Fig. 2, in the p-ring, the PFC between MMC1&2
is called "PFC1 in the p-ring”. Analogously, we have
PFC2&3 in the p-ring. The line-to-line voltages of PFCI,

PFC2 and PFC3 in the p-ring are denoted by u;fb;;/ 2/3)

and ugfgpl/ 2/ 3). The denotation of variables for the PFCs
in the n-ring is completely analogous with the index ,

replaced by ,,.

B. Dynamics

1) Defining the voltage level of the grid: The voltage
variables u%c are described by the voltage loops from
one entry point (MMC) to the next entry within each
ring. Written as an example for the p-ring, this results
in:

1
0 +1 -1 UE))CP = L¢w %icwp - LeO*Z’DCp

-1 0 +1) {0 dt
DCp
+ Rcwicwp - Re()iDCp + Muan (1)
T _ ) 2 3) =T _
where ipo, = (zDCp,chp,chp) and i, =

(iEBp,igﬁp,ﬁ,}p). The vector of the control inputs is
L= o O @ (2 (3  (3) ). The ma-
gy = (Upaps Upjspr Upaps Upsp: Upap: Ups,)- The ma
trices in (1) are:

L) L), o 0 L&, o
Lcw=< 0 1 Léi)u,); Le0:< 0 o Lﬁ?w>;
L 0 L(jﬂ) LM 0 0

+1-10 0 0 0
Mu:<0 0 +1 -1 0 0)
0 0 0 0 +1-1

The matrices R.,, and Ry are obtained by replacing
in L., and Ly all inductances by the corresponding
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Fig. 2: The example DC grid configuration. The transmission line in
which the ground fault occurs in Section V is highlighted in red.

resistances. It is worth noting that in (1) only two
DC voltages are determined by the equation and one
DC voltage can be freely chosen by the grid operator,

defining the voltage level of the DC grid. Here, U(Dl)Cp

()

and u ), are chosen for that role.

2) Current dynamics: The dynamics for the AC
currents from MMC1,2&3 read [7]:

R’Xg i@
/(a) tac,a/p —

1
/(a
Le

1

<u<a>

d (a)

Ly (@
dt (AC.a/B

oUa.a/p ~ YaC,a/s

)

@)

whete R{e) = RY)+ R /2 and L) = LG +I /2

The driving voltages of these AC currents are:

Wl
Wl

‘ Wl
—
&

1
1
V3
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Wl ol=

The dynamics for the DC currents from the MMCs
(a =1,2,3) read:

d (o) RS 1 @ | oyt Uien
J1'DCp = %) pCp ~ i@ \ B0 + 5
Lpe
(3)
R@ (a) (a)
where ?a? RS, + ReV/3, and
IS DC D / 3. As can be seen in
(3), the average Voltage of all MMC’s arms,
ug)o 6(U—i—ué%—kué%%—ui%—i—u”%—ufl%)

is the driving voltage of the Z(D)Cp dynamics. The

DC current of the MMC3 is a dependent variable:

i(DS)cp = S)Cp +Z(D2)Cp>, since the whole DC grid

can be considered as a node.



The mesh equations for the internal closed loops for
the p-ring can be summarized as:

d -~ d -

chwazcwp =Lreo— i1DCp —

i chw;cwp + RreOZDCp + MpfﬁFP

€]
The matrices Ljcy, Lreo and M,; in (4) are:

LE)+LE), 0 0
chw = 0 Lfci)-*'L(ciL 0

0 0 LEAHLEY),
SN S CO R JCY _1®
+ [y JCORNN A CONT JCO RN JC)) ;
—LS,S) _L5-2) L3 4@
LB ALO L o
Lico = 0 LS‘;L-*'L(TU L(z) )
N e
10 0 0 0 +1
Mpf:(o+1—1ooo>.
0O 0 0 +1-10

3) Energy dynamics: The total energy stored in the
capacitances of the MMC, Wé ()), is of primary interest.
Since the power flows across the MMC describe the
energy dynamics, the magnetic energy stored in the
adjacent line inductances must be considered. Therefore,

a component energy is defined, denoted by Wg%), which
includes Wé% and the magnetic energies in all adjacent
lines. All ohmic losses are disregarded in the following
equation for simplification but could be easily included.

Three component energies corresponding to three MMCs
and their dynamic equations (a = 1,2, 3) read:

LSL (o) \2 ., L2 A0\ (7o)
T (i) + 2 () ()
(a) (a)
W'so 1 (g )) (12) - 2% (), +u,)
dt ~ 4 Upc tac 6 DCp DCn ) -
Q)
For the PFC shown in Fig. 3, the dynamics of the

energy stored in the PFC’s capacitance with neglection
of small ohmic losses reads (with i1 + 442 + 443 = 0):

4
dt

W, = Wi

Wpro & igiug,1 +ig2Ug2 +ig3Ug 3
—ug,3) tig2 (ug2 — ug3)

=1g,1UF,a T 1g,2UF,3

=ig,1 (ug

Thus, the energy dynamics of PFCI in the p-ring is:

d 1 -(2 1
G~ il + (B~ )i ©
—

;(2)

—Zocwp

The energy dynamics of other PFCs are analogous.

III. THE FEEDFORWARD CONTROL
A. The method of generating fast transitions

Faults can make it necessary to quickly transfer the
DC grid to a new steady state, for instance one, where

the current of a faulty transmission line is set to zero. In
[4], a method has been developed for designing smooth
and fast trajectories that connect two steady states of the
grid without exciting oscillatory modes.

In the DC grid dynamics, all variables
that . 121€ed 1t;) be . 2controlled1 5 are: j{fz =

ioop )7i£?u;/;1 ?, Efcoﬁ/fag)vwz(a D p/n ?
(altogether 2 + 6 + 6 + 3 + 6 = 23 variables).
These variables are driven by the control inputs,
—T . (a:l,Z) (a 1,2,3) (a=1,2,3) (a=1,2,3)
U = Us o U /B Fa/Bp Fa/Bn )
(altogether 246 + 6 + 6 =20 components).

The main variables whose trajectories must be de-
signed are the currents for the following reasons: The
driving voltages are obtained by differentiating the cur-
rent trajectories, see (2), (3) and (4). The required
changes in the converter energies are generated by means
of power flows, which also depend on current trajecto-
ries, see (5), (6).

The main idea for designing suitable current trajec-
tories is to form them as a sum of a smooth, s-shaped
transition term and a hump-shaped term, as shown in Fig.
4. The amplitudes of those hump terms are determined
by the condition that, at the end of the transition interval,
all converter energies have to hit the values desired (and

in principle freely chosen) by the grid operator.
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Fig. 4: The current i%g;) is the sum of a smooth

component and a hump-shaped component.

This amounts to solving a linear system of equations,
which allows the current trajectories to be determined
computationally efficiently.

B. Handling ground faults in the internal rings of the
DC grid

Without PFCs, the currents within the DC grid would
be distributed solely according to the line impedances.
Any power flow distribution deviating from this must be
actively controlled by the PFCs. A ground fault within
the internal DC grid requires a serious redistribution of
the power flows. Due to the relatively large inductances
of long internal DC transmission lines, this redistribution



is associated with a major change in the magnetic ener-
gies stored in the lines. This change is particularly large
if the current of a line, which carries the grid’s highest
internal current, has to be driven to zero due to a ground
fault occurring there. In the scenario of the example DC
grid, in the p-ring, these would be the currents igﬁ?’)
and z’ﬁiij’), which are of the same magnitude as the DC
currents igg;’2). Managing this energy change poses a
serious challenge for the PFCs due to their limited energy
content in their capacitance.

To facilitate the workload of the PFCs and to prevent
the voltage of their capacitances from falling below a
threshold value, the relevant current will be gradually
reduced to zero in several consecutively executed tran-
sitions.

IV. FEEDBACK CONTROL FOR COMPENSATION OF
DEVIATIONS

A. Overview of the control concept

In this article, the feedforward control outlined in
Section III is supplemented by a feedback loop. Fig.
5 shows the schematic of the control loop of the sys-
tem. The desired values of & are provided by the grid
operator. They are the desired steady-state values that
must be achieved at the end of the transition period.
The feedforward control computes suitable transition
trajectories for all variables, denoted by Z("¢f), as well as
the input variable trajectories, @("¢f). The input signals
@"¢f) are then applied to the system dynamics. However,
these continuous input signals can only be approximately
realized by the converters. Together with external distur-
bances, this causes deviations 6% of the state variables
from their desired values. Correcting these deviations
through input corrections, denoted by d, is the role
of the feedback control, which will be discussed in the
following subsections.

B. The dynamics of current and energy deviations

For a general state variable x deviating from the
ideal designed trajectory denoted by 2(7¢f) | the deviation
is denoted by 6z = z — 2("¢/). We assume that this
deviation is so small that only terms linear in that
deviation have to be considered (and higher powers in
dx neglected).

Since the current dynamics are linear, the dynamic
equations for current deviations result from (2), (3) and
4), with a =1, 2, 3:

(a)
dézAC /8

dt L,ﬁc)
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Fig. 5: The schematic of the control loop
:(a) a
ddipc, _R,L()cz 5i(a)c 1 (6* @ ou DCp + du DCn )
- a) "D a 5,0 e

@ e 1 2

()]
d d e >

chwd 5chp/n = iLreO 5ZDCp rcwdzcwp/n + RreO(sZDCp

+ Mpffs qu/n (9)

Here, (5*ug)0, 5*“X,)a/5 and 6*tp,/, are the input
corrections generated by the MMCs and PFCs. The aim
of feedback control is to design these input signals in
such a way that the deviations tend towards zero. In
the deviation dynamics shown above, all terms that are
multiplied by a resistance have the effect of reducing the
deviation. They therefore do not need to be compensated,
and their contribution in the deviation of MMC and PFC

energies will be neglected.

The dynamics of the energy deviation for all MMCs
are obtained from the power flow equations (5), with
a=1,2,3:

d @ o L (so@ " Harer) | L ((aren)\T s7ta)
%5WE,O QZ(‘S c) c +Z(UAC ) e
1 ” .
— o (s, + 0L, ) i — < (wlie? + usas ) 8ils,

(10)

The dynamic equation of the deviations in the energy
stored in PFC1 in the p-ring is derived from (6) as
follows:

”r 1) , (1ref) :(2) 2) (1,ref)
dt6 5 gu?quap + (5 57’£wp) U‘Fﬁp
1 * (2 Tef) 2,re x, (1)
+ 4§ i( ref)5 ,t+ ( (w;ef)> 5 Uphp

(I



where 5*u%13(p and 5*u%123p are the input corrections. For

other PFCs, their dynamics of the energy deviations are
analogous.

C. Feedback control for MMCs and the currents they
control

MMC1 and MMC?2 are considered first, as they
each control independent DC currents. [5] introduced a
new feedback control for the MMC, which enables fast
compensation of deviations from any desired trajectory.
This method can be directly applied to MMC1 and
MMC?2, but not to MMC3 (see later).

The input corrections 6*u(§;}?

the AC current deviations 61'5:; (1)’2) within a fast time

scale T4c = bAt (At = 100,7us) This can be done
b *, (@=1,2)
y using the input corrections d*u N impose an

exponential decay on the AC current deviations:

are used to correct

d ~a=1,2 1 ~a=1,2
%&(Ac 2 = _75;&0 :

TAC

(12)

(a=1,2)

The deviations in the DC currents, 7 DCp and

MMC energies, 5W2(a 12), are corrected simultane-

ously, using the input corrections 6*u(2a 0 1.2) (see below).

These corrections are carried out on a time scale that is
at least one order of magnitude slower than the fast one,
so that the control task on the faster time scale can be
considered solved.

It is important to note that all deviations in the

(a) (a) (a) _

external voltages (5“DCp + 5chn) AC,0/5 (a =
1,2, 3) are assumed to be random fluctuations with mean
value zero. Their contributions therefore disappear when

the dynamic equation (10) is integrated.

and du

As a consequence of this assumption, the two un-
derlined terms in equation (10) make no contribution on
the slower time scale. If it is also assumed that for the
AC current deviations 6if:; L% — 0 has already been
achieved on the faster time scale, then on the slower
time scale only the term proportional to 5@'%)@) on the
right-hand side of equation (10) remains relevant. So

if it is possible to achieve lim 5WZ(% 12 = 0, then
%
lim 5@%01 ) = 0, i.e. the asymptotically stable behavior

t—o00
of the DC current deviations, also follows.

If equation (10) - with the approximations justified
above - is differentiated with respect to time and the dy-

namics of 51%01 ) and (51'(:; 2323 are inserted according
’ (a=1,2)

to (8) and (12), the input corrections d*uy, become

visible as the driving inputs for the dynamics of the
/(a=1 2)
energy deviations Wy, 0

d2 a 1 —(a,ref a
W =+ (2 >) dt“Aé

1 (a,ref) (a,ref) .(a)
% (“DCp +Upcn ) 55 pep T
(@) (s (u% N+ u%“éﬁ”)
_ tac + p 5l 4.
4 T "(a) =0
AC 6Lpe

(13)

with @ = 1,2. These input corrections are now deter-
mined by enforcing asymptotically stable dynamics of

the energy deviations SWS%) (with a = 1, 2):

1
d6

—6W @ =
TDC dt

e (14)

/(a)
Wso — 2 ‘WVE 0
where Tpc denotes the time scale for the exponential
"(a=1,2) . The time scale Tp¢ is chosen to

decay of dWy

be (at least) one order of magnitude higher than the fast
time scale 74¢, i.e. Tpc = 1074c = 50At. Equating
the right-hand sides of (13) and (14) yields the required
voltage corrections' (a = 1,2):

5 ul — 6LSe sul® 4 5@, | 4 taren
Uso = (a ,ef) 1w (mef) ( Upcy t uDCn) pragales

(a) d (aref) | (aref)
+ 05t g ( iy )
s (- 0 @ Silsly ( (arer) | (arer)
a a a,re a,re
+ 67'; (5 Dcp+5uDCn) + 6TD; ( Upep T Upen )
(a,ref) (a,ref)
( DCp + Upcn ) (a, ’V‘E_f) (a 'ref 1 1(a)
_ — (sulsze? + sulsdel) — —owis
DO DC
(15)

The situation is different for MMC3.
As the whole DC grid can be considered as a node,

the sum of three DC current deviations is equal to zero:
5'(5;;) + 5'(5;;) + 5@'(553) = 0. Therefore, in case of
a=3, e(%uatlon (8) only prov1des an algebraic constraint
for cS*uE 0

> (Su([()l)Cp + 5u([{)1)Cn > /(a) (a)
O Z /(a) t!pep:
2LDC

3

1
C a=1

Hence, the input correction 6*u(3) of MMC3 depends

on the input corrections (5*u(2a 01 2) of MMC1&2 and

cannot be used for the feedback control of MMC3.
Instead, in the case of MMC3, the input corrections

5u(Aa ?/))B are used to compensate for the energy deviation

'To simplify equation (15), it was assumed that the AC pow-

ers injected 1nt0 MMCI1 and MMC2 are constant, which means
5 (a=1,2) __ =i .(a=1,2)
AC,a/B — taC,a/p’



6W§%:3) and the AC current deviations 5@'54;10: i) E the
same time.

For MMC3, the DC current deviation 52’%53) =

(6@53012) + 61 %ZC2)) tends to zero, as 61(50;2 are
compensated by the MMC1&2. Therefore, according to
(10), an asymptotically stable behavior of the energy
deviation, lim 5W§7%:3) = 0, would also result in
the asympt&ﬁ%oally stable behavior of the AC current
deviations, hm 52(140 9~ (.

In Contrast to MMCI1 and MMC2, the deviations
of the AC currents at MMC3 are not regulated on the
fast time scale 74¢, but on the slower timescale 7pc.
If you therefore write down the second derivative of

MMC3’s energy deviation 6W§%:3), the control task for
(ﬁ(jcz 3) cannot be regarded as already solved, but the
input corrections 5*ugaz?/’)6 appear explicitly:

d? /(a=3 1/, a=3,ref T d - a=3
75W2(,0 ) = T (“(Ac )> 76;(140 :

1 (a=3,ref (a=3,ref d a=3)
% (U’DCp "+ ulsch )> ik (DCp RERE
:——(Schl)Jr&(“ 2>)
u(a:3,ref) (a 3,ref)
_ AC,«a * (a 3) Uac,p x (a=3)
- a=3 /(a=3
8L\ 8L\
a=3,ref a=3,ref a= a=
(ug)Cp '+l )) (6*u(2,01) . I ully 2)>
B (1 /(2
; e
+ ., (16)
with 5*u(; 0 1.2) already determined in (15). Demanding

an asym;);totlcally stable behavior of the energy deviation
1) Wé% on the time scale Tpc, analogously to (14),
results in the following equation for the input corrections

3)
5 ulfera) 5 of MMC3:

(a=3) _

do + do 0" +dg 6 =0 A7)

with:

(3) v 7(3) 65\ " oo

do = 5W2,0 + 7o A% 5‘AC + % iAge
1 3,ref 3, 'ref 1 -(3,ref

6 ( (DCp 't ( )) 5153)017 % (5 Upe, T 0u DCn) Z(DCp )

T
2 1 d—»3,'ref A3 1 —(3,ref T (3
+7be | (E“ch ") e+ i@y (“540 )) Sl

4L,
-(3)

d~(3 ref) 6ZDCp£ (

di'AC 6 dt

(3,ref) +u

(3, ref))
DCp

Upcn

(3) (3)
_(5 pop +ou DC”) d _3rep)
6 dt Per
(3,ref) (3,ref)
_( pep |t DCZ ) suld) 4 6ug>cp+5ug>cn
6LV =0 2
(3,ref) (3,ref) (2 (2
( Upcy T Upen ) 5 6uD>Cp ou D>Cn .
- (2) Uy o+ 2 ;
6L 50
Gy = — Tho_ 3ref)
8L;§:2 AC,a/B

do contains the deviations to be corrected, namely
5Wé(f6: ) and 55(1;10 %) and two input corrections already
determined, 5*u(;0 U and 5*u(£;2),
ufg;f/)ﬁ, the coefficients d, and dg in (17) have peri-
odic zero crossings. This is taken into account by the

following solution of (17), which provides the MMC3
feedback control in the form of the input corrections:

Due to the factor

3 (3 ref)

LAY Ul a/s

a®
AC

days o
dé + d% T%C

5 do

“uy) /B =

D. Feedback control for PFCs and the currents they
control

The dynamics in the deviations of the energy stored
in the PFCs in the p-ring ( see (11) ) can be summarized
as follows:
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(18)

When the dynamics of the DC grid performs a transition
from one steady state to another, certain internal DC
currents may change direction and pass through zero.
For any PFC, this will lead to situations where, at
certain times, only one of the two input corrections,
5*1‘&«% or 5*uéﬂ%, is effective in influencing this PFC’s
energy deviation dynamics. If this input were then used
to compensate for current deviations, the possibility
of regulating the PFC’s energy would be lost at that
moment.

To avoid this problem, a control strategy for the
PFCs is developed which allows to select one of the



three currents entering a PFC for feedback control. At
the same time, feedback control will be ensured for the
energy of all three PFCs regardless of possible zero
crossings of DC grid currents during transition phases.

For each PFC, one input correction is used to com-
pensate for the deviation in its energy, while the other
is used to compensate for the deviation in one internal
current entering it. Without loss of generality, we will
consider the case where the three internal current devi-
ations (51'((;?1;1’2’5) are selected for feedback control. The
two tasks of PFC control are solved in two different time
scales: 1) On the faster time scale, three internal current
deviations (51’&?,;1’2’3) are compensated by three input
corrections 5*@?;1’2’3). 2) On the slower time scale,
three energy deviations in the PFCs are compensated by
5*u(a=1,2,3)

F

The two tasks and time scales will now be discussed
in detail:

1) On the faster time scale 7,4, three input correc-
. « (a=1,2,3) . .
tions ¢ Upop are determined such as to impose an
exponential decay on the current deviations (a = 1, 2, 3):

i@ — _ L5
Td

dt cwp cwp (19)

74 1s chosen to match the time scale for the feedback
control of the AC currents, i.e. 74 = T4¢. Combining (9)
and (19) results in the feedback control for the currents:
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0 u%()xp 1 } d -
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Equation (20) still contains contributions of %(ﬁpcp
and 5;DCp’ because the current deviations cﬁDop have
not yet been compensated in this time scale (74 < Tpc).

The proposed separate feedback control of the in-
ternal currents on a fast time scale quickly brings the
deviations of the internal currents close to zero. This is
particularly necessary if, in the event of a ground fault,
the faulty line is to be disconnected from the DC grid
without the need for DC breakers.

2) The slower time scale is at least one order of
magnitude larger than 7,4. Therefore, control task 1 can
be considered solved and 5@7&,}7, —0 may be assumed.
Three input corrections 6*u§?:1’2’3) serve now for the
compensation of the deviations in the PFC energies.
The PFC energy control should work robustly even if

the control of a single PFC energy fails for a short
moment (see above). This is achieved by basing the
feedback control on a Lyapunov function that includes
the (squared) deviations of all PFC energies in the p-
ring:

J(t) = % <6Wé1p>)2 + % (5W§1})2 + % (5W§2)2 @1

The time derivative of this Lyapunov function results
from (18) and (20) as follows:
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(22)
The input corrections 5*u§f:1’2’3) are determined in
such a way that the derivative of the Lyapunov function
has the following form:

d 1 1 oer =

(23)

Here %J(t) = 0 only if 5ch = 0, i.e. if the control
target is achieved. The time scale 7p¢ for the decay of
the Lyapunov function is chosen to be the same size
as the time scale for the decay of the MMCs’ energy
deviations.

Since the deviations of the internal currents are
compensated in the framework of task 1, the whole
deviation dynamics will tend towards equilibrium



(Mifgp,aff ) — (7. Combining (22) and (23) results

cwp
mn:
SWI sWe
co + clé*ug,lgp + 025*u§,223p + ‘335*1‘%3;;, —__Cprer
TDC
(24)

The following feedback control satisfies (24), while
ensuring an equally shared control effort:

« (1/2/3) _  TC€1/2/3 1 corp oo

V. SIMULATION RESULTS

To display the full potential of the method, one of
the most challenging ground fault cases is chosen for
the simulation, where the internal DC current i,(;?{gp -
highlighted in red in Fig. 2 - must be driven to zero.
In the following graphics, the designed and desired
reference trajectories are the dashed lines, marked in the
legend with (ref), while the resulting dynamic variables
are displayed by the solid lines, marked in the legend
with (res).

Consistent with section II, the timestep used for
numerical integration of the dynamics is At = 100us.
In order to demonstrate the robustness of the feedback
control, slightly overestimated values are used in this
simulation for both the discretization errors of the con-
verter voltages, which are caused by switching actions,
and for the external disturbances. At every timestep, a
discretization error of 4% is applied for the MMCs and
10% for the PFCs. Furthermore, the external voltages
ufé‘,a/,e and U(Da)Cp/n (@ = 1,2,3) are set to have
a random fluctuation within a range of 2% of their
original values at every timestep. The control time scales
Tac = Tq = DAt = 0.5ms and Tpc = 50At = bms
are chosen for the simulation. Three internal currents

z‘ﬁ‘@l’z’?’) are chosen to be controlled.
TABLE I: Simulation parameters
Parameter Value Parameter Value
Lpo 5mH a2 [9; 10; 11]kV
Rpc 50 mQ G723 [2;1.6; —2.31]k A
LAC 10mH fAC 50 Hz
Rac | 100mQ | cos (gog},ggm) [0.61;0.78; 0.85]
L. 1mH UL 10kV
R. 10mSQ2 C' in the PFC 3.0mF

In Fig. 6, the internal current ig’gp in the faulty line

is driven gradually to zero. This is accomplished in five
consecutively executed transitions, which take a total
of 300ms. The start and end of the transition time are

wp

resulting ic

Fig. 6: The internal DC currents. The current iﬁj’,}p

is driven to zero and marked by an arrow.
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Fig. 7: The AC currents corresponding to MMC3

0.12 0.125 0.13

marked by dashed lines (in Fig. 6, 8, 9, 10). After this
transition time, the desired value of zero is very precisely
achieved for i((j,})p (see arrow). The effect of feedback
control can be seen by comparing the deviations of the
regulated currents with those of the unregulated currents.
The internal currents z‘ﬁi‘,;l’?’?’), which have been chosen
for control, fluctuate within a narrow tolerance band
between —10A and 10A. In contrast, the unregulated
currents z’ﬁ‘éig’z’?’) have higher deviations of +50A.

As the AC currents at MMC1 and MMC2 are con-
trolled on a fast time scale, the simulation does not show
any difference between desired and resulting (‘real’)
values. Fig. 7 therefore shows the *most difficult’ case of
the AC currents at MMC3, which are controlled, together
with MMC3’s energy, at the slower time scale 7pc. In
order to make the difference between desired and result-
ing values visible, a short time interval [0.12s...0.15s]
is shown enlarged. The AC currents at MMC3 closely
follow their designed trajectories while at the same time
ensuring the feedback control of the MMC3’s energy in
Fig. 9.

The simulation result in Fig. 8 shows the DC currents
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Fig. 10: The capacitor voltages of the PFCs in the
p-ring

Z.gg;,zg) at the MMCs. Again, the resulting values

fluctuate within a narrow band around the desired values.

Fig. 9 displays the energy content of the three
MMCs. Due to the feedback control of these energies,
all deviations are less than 5% of the desired energies.

When the current z’ﬁi}p is driven to zero, the total
magnetic energy in the grid increases as a result of the

new distribution of internal currents within the grid. The
time course of the desired energy of MMC3 in Fig. 9
shows that MMC3 has been selected to accommodate
this change in the magnetic energy of the DC grid.

Fig. 10 displays the capacitor voltages of the PFCs,
which indicate their energy content. The effect of reduc-
ing the workload of the PFCs by splitting the transition
into five partial transitions can be seen in this figure: The
capacitor voltages of the PFCs show five oscillations.
PFC3 has to work the hardest here, as it is adjacent to
the line carrying igﬁp. Nevertheless, the capacitor voltage
of PFC3 never drops below a value of 1.6V during the
entire transition, while a capacitor voltage of 0.7kV is
completely sufficient to keep the PFC functional. The
oscillation of the capacitor voltage can be reduced when
the transition time is increased.

VI. CONCLUSION

In this paper, a previously presented method for the
fast and smooth redistribution of power flows in meshed
DC grids has been completed by a new feedback control.
This very effectively corrects deviations of the currents
and converter energies from the desired trajectories.
The effectiveness of the method is demonstrated by a
challenging ground fault scenario and the corresponding
simulation results.
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