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Advanced Energy Flow Control Concept of an MMC
for Unrestricted Operation as a Multiport Device

Markus Schroeder

Abstract—An advanced approach of the internal energy flow
control of a multiport device based on a modular multilevel con-
verter (MMC) was proposed. Such a multiport device offers various
connecting points as ac terminals, the main dc terminal as well as
the dc terminals of the MMC modules. State-of-the-art multiport
concepts have restrictions concerning the flexibility of connecting
the available ports. The proposed concept makes an unrestricted
energy interchange between all ports possible without affecting the
ac grid and the main dc terminal. It contains a microscopic and
macroscopic view of the entire system and an analytic description
in a double synchronous reference frame. This approach allows
the identification of degrees of freedom for the internal energy flow
control to overcome the mentioned restrictions of state-of-the-art
multiport devices. Beyond numerous simulations calculations, the
proposed concept has been implemented to a prototype of a multi-
port device which consists of an MMC with integrated batteries in
power electronics laboratory. The approach has been successfully
tested and verified with measurement results.

Index Terms—Batteries, converters, energy storage, multilevel
systems.

I. INTRODUCTION

HERE is no doubt among experts concerning the ascend-
T ing demand of energy storage (ES) capacity in an electrical
grid that is penetrated with an increasing number of renewable
energy sources. Various energy storage systems (ESS) have been
developed and are market-ready. These make a difference in the
form of energy that is stored, e.g., chemical energy (hydrogen or
methane storage), electrical energy (capacitors, superconduct-
ing magnetics), electrochemical storage (batteries), mechanical
energy (hydro power plants, compressed air ES, flywheel ES),
or thermal energy. A comparison of various ESS technologies
is given in [1].
Principally, the suggested multiport device is inherited from
a battery energy storage system (BESS) where the batteries are
integrated to the modules of a modular multilevel converter
(MMCO).
In contrast to this MMC-based approach, all commercial
BESS—which are currently available [2]-[5]—consist of a
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parallel switching of battery units. These battery units are com-
posed of a battery rack and a self-commutated two level con-
verter for feeding the ac grid. For medium voltage applications
a step-up transformer is indispensable.

Due to several advantageous characteristics of MMCs [6], ini-
tial publications on the modular integration of batteries in these
converter types have been released in the last decade [7], [8].
The MMC——published by Marquardt in 2003 [9]—became the
focus of attention in investigation of modular BESS due to its
flexibility regarding its dc and ac terminals. Current publications
can be categorized into two classes that are in context among
each other. On the one hand, there is the topic of the internal
energy flow in the MMC due to the integrated batteries that is
addressed in [10], [11] where all modules are equipped with
batteries. One step beyond, studies on an MMC whose modules
are partially equipped with batteries have been published [12]-
[15]. On the other hand, the idea is pursued to use the MMC as
a multiport device by connecting different sources and/or sinks
to the modules, e.g., electric vehicles (EVs) [16], photovoltaic
(PV) systems [17], or different ES devices as batteries and ultra-
capacitors [18]. All of these advanced proposals require a cor-
responding internal energy flow control. It is demanded that the
mentioned energy flow must neither influence the ac side nor
the dc side of the MMC. Thus, there are restrictions mentioned,
concerning the unsymmetrical distribution and number of in-
tegrated batteries, due to the internal energy flow. Restrictions
regarding the distribution and positioning of batteries connected
the converter modules are identified in [14], [15]. Restrictions
related to the ratio between modules, which are equipped with
batteries, and modules that are not, are mentioned in [19]. In
this paper, these restrictions will be disproved by introducing an
internal energy flow which enables an arbitrarily unsymmetri-
cal distribution of batteries neither affecting the ac side nor the
dc side. A comparison of conventional commercial BESS and
emerging BESS concepts is given in [20].

A multiport device is structured as an MMC-based BESS, but
contains various energy sinks and sources that are connected to
the modules of the MMC. While doing so, the terminals of the
module capacitors are considered as ports. A diagram of an ex-
emplary structure of the proposed multiport device and hereafter
used notation is depicted in Fig. 1. Hereby, batteries that enable
a bidirectional energy flow are integrated into several modules
of the MMC. Additionally, PV systems for renewable energy
generation that merely allow an unidirectional energy flow are
connected to further modules. Moreover, EVs that mainly gen-
erate an unidirectional energy flow during charging are plugged
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notation:

x € {p;n}

connection of phase arm xy to positive (p)
or negative (n) DC terminal

yeil;2;3}

connection of phase arm xy to respective
terminal of AC grid

ze{l;2;...;,m}

position of module xyz inside phase arm xy

Xyz
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Fig. 1.
based on a modular multilevel converter (MMC).

to a range of modules. Finally, there are modules where nei-
ther an energy sink nor an energy source is connected to. In
contrast to an MMC-based BESS, a multiport device enables
various directions of energy flow as energy sinks and sources
are connected and operated simultaneously.

A consideration of the control concept for an internal en-
ergy flow and a demonstration at a proof-of-principle proto-
type in laboratory are the focuses of this paper. Accordingly,
it is organized as follows. The challenges of operating a mul-
tiport device are described in Section II. Therefore, the impact
of phase arm internal and inter phase arm energy unbalances
due to the integration of batteries to the MMC is described.
Based on the terminology declared in Section II an averaged
model of voltages, currents, energy, and power of the multi-
port device is derived in Section III. With the averaged model of
the entire system, a control structure is proposed to overcome the
challenges in controlling the energy flows of a multiport device
which is inherited from a BESS based on an MMC. To prove the
feasibility of the suggested control principle, measurement re-
sults of a prototype of a 25 kVA MMC with modular integrated
batteries from power electronics laboratory are presented in
Section I'V. Hereby, the behavior of the multiport device is em-
ulated by generating various energy flows using the integrated
batteries that demonstrate a conceivable operation of the multi-
port device.

Proposed notation and exemplary structure of the suggested concept of the multiport device that is inherited from a battery energy storage system (BESS)

battery with

module .
connection

| |
1 1
1 1
1 1
1 1
. 1 1
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Fig. 2. Equivalent circuit diagram of a half-bridge module of an MMC with

an application of a dc-to-dc converter for battery connection.

II. CHALLENGES

Considering a multiport device, which is inherited from the
concept of integration of batteries into the modules of an MMC,
one has to focus on converter module and the method of integrat-
ing the batteries. Hence, these basic elements and their respec-
tive variables are mentioned initially. Afterwards, consequences
and resulting challenges of operating the entire multiport device
are systematically described from a control perspective. The
main issue is energy balancing that is an crucial requirement for
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Fig. 3. Equivalent circuit diagrams of the relation between microscopic view
on the left-hand side and macroscopic view on the right-hand side by an exem-
plary phase arm of an MMC based on a series connection of m half-bridges
partially equipped with batteries.

a stable operation of the entire system and an even strain of the
deployed components.

A. Converter Module With Battery

An exemplary converter module with a connected battery is
depicted in Fig. 2. The position of the module inside the MMC
is indicated by the indexes of the related electrical variables.
x € {p; n} shows whether the phase arm zy is connected to the
positive (p) or the negative (n) dc terminal. With y € {1;2;3}
the connection of the phase arm zy to the ac grid terminals is
defined. z € {1;2;...;m} labels the position of the module zyz
inside a phase arm xy (see also Fig. 3).

1) Converter Module: In this study the converter module
is realized with half-bridges. Module capacitance is provided
by an electrolytic capacitor; insulated-gate bipolar transistors
(IGBTs) are used as semiconductor devices. The average mod-
ule terminal voltages u,,. can be adjusted by switching the
IGBTs with respect to the capacitor voltages ¢, . during one
switching cycle. The capacitors are charged or discharged by the
phase arm currents 4, if the upper IGBT is switched ON and
bypassed if the lower IGBT is switched ON. The averaged instan-
taneous module capacitor power pc.y. that affects the module
capacitor charge can be expressed without consideration of the
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duty-cycles a,, .. Hereby, the module capacitor voltages ¢y -
and the phase arm currents i,, are treated as constant during
one single switching cycle. Accordingly, the duty-cycles a,,.
need not be considered and can be—together with the module
capacitor voltages ¢, .—substituted by the module terminal
voltages ;. .

PCayz ~ Aryz * UCxyz * oy = Ugyz * loy- (1)

In this case the electrical powers p,, . at the module terminal
equal PCaryz-

2) Battery Integration: The behavior of an arbitrary energy
source or sink—that is connected to one single port of the mul-
tiport device—shall be emulated by a lithium-ion battery that
is connected to the module capacitor. Hence, the amount of the
bidirectional energy flow shall be emulated by adjusting the
battery current. These requirements demand the utilization of
a bidirectional dc-to-dc converter. In this study a simple dc-
to-dc converter based on a half-bridge is used, several other
integration concepts are reported in literature [7], [8], [16], [21]
where, e.g., efficiency and isolation aspects are discussed ex-
plicitly. The battery current gy, is regulated by a controller
of the dc-to-dc converter. This controller is absolutely indepen-
dent from the MMC control. Consequently, the battery power
PBatry- can be adjusted arbitrarily for emulating an energy sink
or source. From a modeling perspective, battery voltage ugaty -
and current ipy,, . are measurable disturbance variables influ-
encing the capacitor voltages uc,. of the module. Thus, the
averaged instantaneous module capacitor powers pc,,. from
(1) are extended to the expressions given in (2).

PCryz = Ugyz - iry — PBatryz
(2)

= Ugyz * lzy — UBatzxyz * "Batryz-

In this case the electrical powers p,., . at the module terminal do
not equal the electrical powers pc,. at the module capacitor
anymore if there are battery currents.

B. Control Issues and Systematic Description

Control of an MMC is an extensively investigated topic. Typ-
ically, control is divided into an inner closed-loop current con-
trol and an outer closed-loop energy and balance control. The
alternating currents to the electrical grid, the direct current to
dc terminal, and converter internal circulating currents are con-
trolled by current controllers. Controlling the exchange of active
and reactive powers with the ac grid and the exchange of ac-
tive power with the dc terminal are tasks of an energy controller.
Furthermore, converter internal energy unbalances are regulated
by balance controllers adjusting the circulating currents without
affecting the ac grid or the dc terminal.

In order to get a systematic description of the characteristics
of an MMC with integrated batteries and the related multiport
device, it appears to be suitable to introduce the following terms:

1) Macroscopic View: The MMC is considered on the phase

arm level with its related variables of phase arm voltages
Ugy, phase arm currents 4, , phase arm powers p,.,, phase
arm capacitor voltages uc,, and resulting phase arm ca-
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pacitances C.,, . In this view, the energy balance between
the phase arms of the MMC is taken into account.

2) Microscopic View: The module level is considered with
the respective properties of the converter module as termi-
nal voltages u,, ., terminal powers p,, ., capacitor volt-
ages Ucyy-, and module capacitances C, .. In this view,
the energy balance between the modules in each phase
arm of the MMC is taken into account.

The relation between macroscopic and microscopic view is
depicted in Fig. 3. A main idea of the macroscopic view is a
pooling of the series connection of modules in a phase arm to a
controlled voltage source. Therefore, module terminal voltages
Uy~ are summarized to phase arm voltages u,,, , module termi-
nal powers p,,,. are summarized to phase arm powers p,.,, ., and
module capacitor voltages ;. are summarized to phase arm
capacitor voltages uc,,. The resulting capacitances C,,. of
phase arms can be derived from the module capacitances Cl,, -
and the number m of module per phase arm. A modulator—
utilized in each phase arm—is the interface between
macroscopic and microscopic view as it has to fulfill two tasks
during converter operation: first, the phase arm voltages u,,,
have to be set by switching appropriate modules, second the
modulators have to ensure that all modules are equally charged
by utilizing a module sorting algorithm. Depending on the sign
of the phase arm currents 7,, and the capacitor voltages uc .y,
it is scheduled whether a module is switched ON or OFF dur-
ing the next switching cycle [22]-[24]. An explanation of both
views in more detail is given hereafter.

C. Macroscopic View

In Fig. 4, a macroscopic view of an entire MMC is shown.
The MMC is connected to a dc terminal with a terminal voltage
uq and a terminal current iq. The ac grid voltages uy, are
indicated at the ac terminals of the MMC. The battery powers
DBatry-—Tfor emulating the operation of the multiport device
with different energy sinks and sources—of each phase arm is
calculated according to (3).

m

PBatzyz = E UBatzyz * Z'Balﬂcyz' (3)
z=1

Similar to (2), the instantaneous powers pc,, . of the resulting
phase arm capacitors are calculated as follows:

m

PCayz = Uzy - Zzy - E UBatzyz * Z‘Bamcyr (4)
z=1

A charging or discharging process of batteries can cause macro-
scopic energy unbalance or inter-arm unbalance [19] that has to
be taken into account by energy and balance control. Referring to
a multiport device—as it is depicted in Fig. l—macroscopic en-
ergy unbalance is generated, if different energy sinks or sources
are connected to modules of different phase arms.

D. Microscopic View

On the module level, an integration of batteries or a connec-
tion of different energy sinks and sources can cause microscopic
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Fig. 4. Equivalent circuit diagram of the macroscopic view of an MMC
connected to a dc terminal and an ac grid together with essential macroscopic
electrical variables.

energy unbalances or intra-arm unbalance [19] in the module
capacitor voltages uc,,. that are not covered by the macro-
scopic energy balancing control under certain circumstances.
This phenomena can be understood regarding (3). The instanta-
neous phase arm battery powers ppai;,. can be 0 although the
battery currents g, . are not 0. A consideration of a phase
arm with equally charged batteries leads to equal battery volt-
ages Upay-. If one battery from module j is charged while
another battery from module £ is discharged with the same
amount of current, Pgay. equals still 0. No macroscopic but
microscopic unbalance is generated in this case. As macroscopic
energy and balance control does not detect this microscopic un-
balance, no circulating current for energy balancing is adjusted
and if there is neither active power exchange between ac grid
and dc terminal nor reactive power exchange with the ac grid,
phase arm currents i,, remain 0. This issue is addressed in
several publications [14], [15], [19] and identified as a restric-
tion as energy balancing is not possible anymore. A strategy to
overcome this difficulty—neither affecting the ac grid nor the
dc terminal—will be presented in the next section. Referring to
a multiport device, the described unbalance occurs, if different
energy sources or sinks are connected to one single phase arm.

III. APPROACH

In the following, an averaged mathematical model of the
MMC is derived. Therefore, phase arm voltages u,, and phase



11500

arm currents ¢,,, from Fig. 4 are expressed based on several com-
ponents of voltages and currents in different reference frames.
While doing so, a very generalized approach is delivered which
provides a compact description of the electrical variables and
shows their internal coherence and analogy. To increase the
clearness of the approach, simplifications concerning the grid
voltages and currents are carried out. Furthermore, fundamental
linearized plants for macroscopic and microscopic energy and
balance control are derived. Based on that, the phase arm powers
D,y are calculated—with the derived expressions of u,, and 7,
—and transformed to make the opportunities for macroscopic
and microscopic energy balancing obvious.

A. Voltages

The voltages u,,, and u,,, that are set by the controlled voltage
sources in upper phase arm (p) and lower phase arm (n) in each
phase leg y mainly consist of the ac grid voltages uy, and dc
terminal voltage .

To control currents with self-commutated inverters with volt-
age intermediate circuits, voltage drops across impedances are
adjusted. In case of an MMC, voltage drops ugy, n, across the
grid impedance and voltage drops ugr ;, across the phase arm
inductor are required. Both voltage drops are typically signifi-
cantly smaller than the ac grid voltage ux, or the dc terminal
voltage ug

llurL Ny || < uxy,

1
l[urepy || < [} = uny + Suall

2 ®)

1
[urL ny || < Jluy + Suall.

With the assumptions of (5), one can obtain a relation given in
vector equation (6).

Upy UNy

Uyy 1

(6)

D[ bO|—

Uq

Generally, three phase grid voltages ux, can consist of positive
sequence (+) and negative sequence (—) components. Using
a double synchronous reference frame (DSRF) for modeling
the unbalanced grid—as suggested in [25]—one can obtain a
comprehensive expression for the grid voltages ux, as given
in vector equation (7) under consideration of the abbreviations
given in (8). The positive sequence of the grid voltages is de-
scribed with the components 4y, and iy o Inapositive reference
frame, rotating with the positive grid angular frequency wy; the
negative sequence is represented with the components iy, and
ly, in anegative reference frame, rotating with the negative grid
angular frequency. The grid angle v = wnt is computed ap-
plying a suitable phase locked loop (PLL)—e.g., the decoupled
double synchronous reference frame PLL (DDSRF-PLL)[25].
Using a DDSRF-PLL, the grid angle yy is calculated in such a
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manner that ay,, equals 0.

U
+ - - Nd
UN1 O1d %19 %14 O1q ar
_ + + - - Nq
UN2 = | %4 02q 94 JZq A~ (7)
. + + — — uNd
UN3 O34 03q O3d4 O3q o
Uy
+ + :
0,4 = cos (wxt) ol = —sin (wx?)
o1q = cos (—wnt) o1, = —sin (—wxt)
" 27 n 27
O9q = COs | wNt — KX Oyq = —sin wnt — KX
2 _ 2T
0yq = COS | —wnt — 3 Oyq = —sin —wnNt — Ex
n 2m " 2m
034 = cos | wnt + 5 O3, = —sin | wnt + 3
_ 2w _ . 27
034 = CO8 | —wNT + ? 034 = —sin —wnt ?

®)

B. Currents

It is supposed that the currents 4, in the upper phase arm and
iny in the lower phase arm in each phase leg y are composed
by three different components. First, the grid currents iy, are
equally divided into the upper and lower phase arm in each phase
leg. Second, the circulating currents ic,, flow solely through both
phase arms of a single phase leg as well as between all three
phase legs. Third, the direct current 7q from the dc terminal is
equally divided into the three phase legs. A relation among the
currents is expressed in a vector equation given in (9).

) IN
py | % 1 % . ! 9
ny 2 3 iq

Analogous to the three phase grid voltages uxy, the grid currents
iny can generally consist of positive sequence components iy 4
and %& o as well as negative sequence components %1’\1 4 and %1’\1 a
Hence, the grid currents are described as shown in (10) with
respect to the abbreviations given in (8).

St
) + + _ . Nd
N1 014 %1q %14 O%1q o
; _ + + - - Nq
IN2 | = [ Oyq Ogq Ogq Oaq > (10)
; + + - — Nd
IN3 030 03¢ 0O3q O3q A
INg

The circulating currents ic,, in the phase arms are composed of
a direct currents and alternating currents with the grid angular
frequency wy. A self-contained representation of the dc parts
can be obtained by an expression using alpha-beta coordinates
with the components I¢, and Ics that allows a decoupling of
these currents from the direct current ¢4. The ac parts consist
of a positive sequence with the components 56 o and if, q to-
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gether with a negative sequence with the components %6 q and
26 o~ Consequently, the circulating currents can be described
with vector equation (11) with respect to the abbreviations
from (8).

ICa
. ot + - - I
11 1 0 :Uld Ulq 014 Ulq /;Sﬁ
- i
; — | 1 Bt + - - ‘cd
toz | = |73 2 1024 T2 T2a T2q || Gt
; 1 3+ + ,Cd
1l 1 Vo - - —
©3 2 2 1934 93q 93d4 T3¢ g
Zéq
(11

In contrast to the grid currents iy,, which are determined by
energy control or demands from the MMC operator, the circu-
lating currents ic, can be set arbitrarily without affecting the
ac grid or the dc terminal and therefore are used for controlling
horizontal and vertical unbalance as illustrated in Fig. 6.

In order to control both direct current and circulating cur-
rents as well as the grid currents a state feedback controller—as
proposed in [26]—is applied.

C. Energies and Powers

Initially, general relations between a capacitor voltage uc,
the stored electrical energy wc, and the corresponding electri-
cal power pc will be derived to get a suitable model for the
control plant of energy and unbalance control. Subsequently,
these relations will be applied to the macroscopic and micro-
scopic electrical variables of the MMC with integrated batteries
in order to determine a suitable energy balance and control con-
cept.

The fundamental relation between electrical energy and elec-
trical power—that is given in (12)—is essential for the develop-
ment of plants for energy and balance control for the multiport
device.

_dw

P="a

Depending on a capacitor voltage uc and a capacitor current

ic, electrical energy wc and electrical power pc concerning a
capacitance with the capacity C' can be specified

(12)

1
wo =3 Cud (13)

Pc = uc ic- (14)

A nonlinear relation between capacitor voltage uc and electri-
cal energy wc can be approximated using Taylor series in an
expansion point uc o

'(UC *UC,U)

d /1

uc=uc,o
(15)
=wc,0+ Cuco-(uc —ucy)

= CUC uc,0 — wc,o.

With the deliberations from (12) to (15) and considering the
macroscopic and microscopic formulations of the electrical
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Fig. 5. Block diagrams of plants for macroscopic (a) and microscopic
(b) energy balancing.

capacitor power from (2) and (4) of the respective capacitance,
one can determine the plants for energy and balance control.
Due to the linearization, linear time-invariant transformations
that are performed in the following may be applied to the rela-
tions between voltages, electrical energy, and electrical power.
Block diagrams of these control plants for macroscopic energy
and unbalance control and microscopic unbalance control are
given in Fig. 5(a) and (b), respectively.

Furthermore, the linear relation between energy wc,, . and
phase arm capacitor voltage uc, in the neighborhood of the
expansion point wcyy o can be obtained.

It comes out from the block diagram in Fig. 5(a) that the
electrical powers p,, . at the phase arm terminals on the macro-
scopic level can be controlled by the phase arm currents i,,,. The
total energies wc . stored in the resulting phase arm capacitor
with the capacitances C,. are disturbed by the entire battery
POWETS PRay - that are fed in the phase arm.

The plant of the microscopic energy control that is depicted
in Fig. 5(b) is quite similar to the plant in the macroscopic
view. Electrical power at the terminals of the modules can be
controlled by the module voltages u,, . that are set by the phase
arm modulators with respect to the module capacitor voltages
Uy~ . Analogous to the phase arm, the energies wc,,. stored
in the capacitors with the capacitances C,, . are disturbed by the
POWETS Ppai,y - that are fed by the batteries which are connected
to the module.

An appropriate linear time-invariant transformation of the
macroscopic phase arm quantities—to get a decoupled repre-
sentation of the power components in the MMC—is given in
(16). In this case, the instantaneous phase arm powers p,, are
transformed. The depicted transformation can also be utilized
for phase arm energies represented by the phase arm capacitor
voltages uc,, . The total energy that is exchanged with both the
ac grid and the dc terminal is represented by pso. According
to the directions of energy flow, which are given in Fig. 6, the
components px, and px3 describe an instantaneous horizontal
energy flow while the components pa ., pag, and pao describe
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Fig. 6. Macroscopic view of the MMC and corresponding energy flows. The

exemplary integration of batteries in phase arms pl, p2, and n3 causes energy
unbalances that can be controlled by generating energy flows by unbalance
control.

an instantaneous vertical energy flow inside the converter.

ML r5_1r _1:_1 _17
Pra 3 36 6 ' 6 6 Dpi
0 038 Vi B B
bsp 16 6 ' 6 6 Pn1
1 Lo 1 o1 1 - = -
pxo S8 8 . 6 6 5 || Pr2
o= 2 2, 1 1, 1 1
PAa 3 _§E_§ 3 E -3 3 Pn2
VSR U S W | ey
VY Ny JZr___ VY AL
pag 0 0 P 373 3 Pp3
1 11 _ 11 _1 .
pao E 3; 3 3 : 3 3 | Pn3

(16)

To generate a suitable energy flow for energy and balance con-
trol, consistent power components have to be derived from the
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instantaneous power components. This is equivalent to the cal-
culation of the active power P from the instantaneous power
p. The active power P corresponds to the mean value of the
instantaneous power p over the duration 7" of a grid period

1 to+T
P= —/ p(T)dr.

17
T/, )

Substituting the instantaneous phase arm powers p,, in (16)
with the phase arm voltages u,, from (6) and phase arm cur-
rents 4, from (9) and deriving the active power by utilization
(17), one finally obtains a vector equation that represents the
comprehensive relations among voltages, currents, and active
power components of the entire MMC. A detailed derivation is
given in the appendix. Without any loss of generality, concerning
the operation of the multiport device, the following assumptions
are made:

1) There is a negative sequence neither in the grid voltages
nor in the grid currents and the corresponding components
lUyg» Uygo ings %Nq equal 0.

There is merely a d-component in the positive sequence
of the grid voltages due to the grid synchronization by the
DDSRF-PLL and ty, equals 0.

An extension to unbalanced grid voltages and currents can be
performed, but does not compromise the proposed approach for
energy flow control. The simplifications lead to a vector equa-
tion given in (18) from which one can immediately obtain the
crucial relations among current components and active power
components that are fully decoupled and therefore can be used
for energy and balance control (18) shown at the bottom of this
page. On the one hand, the total power Py can be acquired
either from the electrical grid with the d-component %{ q of the
grid currents and the direct current ¢4 can be set arbitrary by the
operator; this operation mode is called dc mode. On the other
hand, the total power P is gathered from the dc terminal with
the direct current ¢4 and the d-component %& 4 of the grid cur-
rents can be set arbitrary by the operator; this operation mode is
called grid mode.

According to Fig. 6(a) consistent horizontal energy flow in-
side the MMC is represented by the power components Py,
and P53 which is controlled by the dc parts I¢,, and I¢g of the
circulating currents.

2)

Poa 0 0 0iug O
Py 0 0 00 ug
Pso iy 0 wgi0 0
Pao |l | O 0 0:0
Paj 0 0 0:0
Pao 0 0 01:0

ICO,
Icp

(18)

>

o Z+ O
>
s
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Fig. 7. Block diagram of energy control depending on the operation modes of the MMC.

A consistent vertical energy flow based on the circuit diagram
in Fig. 6 is represented by the power components Pa,, Pag,
and P and can be affected by the components igs bog» and
i, of the ac parts of the circulating currents.

The g-component iy, of the grid currents as well as the g-

component i} o Of the positive sequence of the ac parts of the
circulating currents do not affect the power components and
therefore do not affect the energy distribution inside the MMC
as the corresponding columns in the matrix of vector equation
(18) are zero.

D. Macroscopic View

There are two control tasks for energy and balance control. On
the one hand energy control has to ensure the adjustment of the
total energy, which is represented by ucxg, to a given set-point
Ugs- On the other hand balance control has to compensate
horizontal and vertical energy unbalance that is represented by
the voltages ucxa, ucx s and ucaq, Uca g, UC Ao, respectively.
Consequently, the set-points for these five variables equal 0.

According to the considerations of the previous subsection,
macroscopic energy unbalance due to the integration of batteries
and the related connection of several energy sinks and sources
to the ports of the multiport device can be calculated. Initially,
active powers Pgay, Which are exchanged with batteries in
each phase arm, are derived as follows:

m

PBat.T,y = § UBatryz * !Batryz - (19)
z=1

As battery voltages Uy, and currents igy,, . are direct quan-
tities, instantaneous arm battery POWers ppay- from (3) and
active arm battery powers Pgay,, from (19) are equal.

Two operation modes of the MMC can be defined. This is the
dc mode and the grid mode. In the dc mode, the energy flow
into the dc system can be adjusted while in the grid mode an
adjustment of the energy flow into the grid can be performed
by the operator. Depending on the operation, the currents used
for total energy control can also be used for disturbance cor-
rection. If the dc mode is enabled, energy control is done using
the d-component %{Vd of the grid currents with a disturbance
correction (20). Both energy exchange with the dc terminal and
with the batteries are taken into account deriving the variable
(e 4., Of the disturbance correction. If the grid mode is enabled,
a dc terminal current iq is applied for energy control and a
corresponding disturbance correction is used (21). In this case
the energy exchange with the electrical grid and with the bat-
teries is considered in calculating the variable 7, , of the distur-
bance correction.

oo 2uatg 2 Beaso decmode  (20)
N2k, 34y
3uL, 1, 3R
iq, = SUNd NG 22Ba0 g pode. (21)
) 2 Uq 2 Uq

A block diagram containing the controllers of energy control in
both operation modes as well as the corresponding plant that
is deduced from Fig. 5(a) and based on vector equation (18) is
given in Fig. 7. The block diagram also contains the equivalent
transfer functions of the closed-loop control circuits of the direct
current iq and the d-component iy, of the grid currents.
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Fig. 8. Block diagram of horizontal and vertical energy balancing control.
Balance control is independent from the operation mode of " Prara ”
. 1 = —
the MMC. Analogous to energy control, the disturbance due Cd,z Ui g (24)
to an energy exchange with the batteries can also be derived
and therefore current values for disturbance correction can be o= Pran (25)
. .. . Cq, ~
calculated. Again, the rows of the matrix in vector equation (18) & UNg
can be evaluated and the related variables of the components P
. . . . e BatA0
of the circulating currents for disturbance correction can be lag, = —57— (26)
calculated UNd
A corresponding block diagram of horizontal and vertical energy
Pgara balancing control is given in Fig. 8. Five controllers for balance
Iea. = — g (22 control as well as the corresponding plants—that are deduced
from Fig. 5(a)—are depicted. Again, the closed-loop control
g, = — Py (23) circuits of the circulating currents ic,, and icg are substituted
b,z — . . . ‘
Uq with equivalent transfer functions.
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E. Microscopic View

The task of microscopic energy control is energy balancing
between the capacitors of each phase arm. Hence, the set-point
Awug, for the variance Auc of the module capacitor voltages
Uy - equals 0.

It comes out from (18) that there are two current components,
which do not affect the macroscopic active power components.
These components are the g-component 21*\1(1 of the positive se-

quence of the grid currents and the g-component %Eq of the
positive sequence of the circulating currents. Both currents do
not influence the macroscopic active power components as they
are reactive currents. Due to the fact, that the component %Nq
of the reactive grid currents is adjusted by the operator of the
MMC, the current component 56 o of the circulating currents

appears as a degree of freedom. So the current component %E‘q
is used for microscopic energy balancing by manipulating the
phase arm currents i,, without affecting the energy balance
inside the converter. Thereby, the restrictions concerning the
integration of various energy sinks and sources to the modules
of an MMC, which are mentioned in several publications [14],
[15], [19], can be overcome.

The current component 26 o 18 adjusted with respect to the
variance Auc of the module capacitor voltages uc.,. of the
entire MMC. The adjustment is similar to a droop control.
Calculation of Auc is performed in two steps. First, the ca-
pacitor voltage variance Auc,, of each phase arm is derived
(27). Second, the voltage variance Auc of the entire MMC is
computed (28).

Injn (UCJ:yz) if |Umin| > Omax

UCzy
Augyy = ———
m max (Ucgy.) else
p :
. UCzy (27)
Omin = NN | UCxyz —
z m
_ UCuxy
Omax = MaX | UCyyz —
z m
min(AuC‘,L.y) if |min (Augyy)| > max (Aucyy)
AUC — Ty Ty Ty
mv%x (Aucgy) else.

(28)

The droop control is depicted in Fig. 9. As there is a typical
variation of the capacitor voltages uc,,. of one phase arm
around the mean value during MMC operation, a dead-band
around 0 V is used because of efficiency reasons. If the voltage
variance is negative the set-point 562 increases stronger than in
case of a positive voltage variance outside the dead-band. The
reason for that behavior is the actually nonlinear relation among
voltage and energy in a capacitor from (15). Additionally, a
negative Auc leads to a reduction of control reserve, which is
the module capacitor voltage uc., . To avoid instabilities due to
constraints in of the control reserve, the slope of %6 o 1s higher at
negative Auc . The absolute values of both slopes are practical
values from the proof-of-principle prototype.
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Fig. 9. Suggested droop control for adjusting %Eq to cope with microscopic
unbalance.

TABLE I
PARAMETERS OF PROTOTYPE IN LABORATORY

Quantity Value Comment
UN 187.5V grid phase voltage amplitude at MMC terminals
I 50Hz grid frequency
SN 25kVA apparent power
Ug 600V DC voltage at MMC terminals
UCzyz,0 160V nominal mean module capacitor voltage
Ly 640 uH phase arm inductance
Cayz 4400 pF module capacitance

49.2V (10% SoC)

open circuit battery voltage

UBawyz | 56 gy (90% SoC) | (depending on state of charge)

QBatzy= 60 Ah battery capacity

Liaty- 5mH DC-to-DC converter inductance
fs 5kHz switching frequency

IV. MEASUREMENT RESULTS

The suggested control structure for macroscopic and micro-
scopic energy and balance control from previous section is
proven at a 25 kVA-prototype of a multiport device in power
electronics laboratory. A picture of the hardware prototype con-
sisting of an MMC with integrated batteries and the cabinet for
the connections to ac grid is given in Fig. 10.

The MMC is built up with four half-bridge modules in each
phase arm. The connection of batteries is realized using a dc-
to-dc converter as depicted in Fig. 2. Batteries are exclusively
integrated in the phase arms p3 and n3, which result in an
asymmetrical setup. A connection to the ac grid is provided via a
Yd5-transformer. Real-time computations for converter control
are performed by a CPU; pulsewidth modulation (PWM) pulse
patterns, control signals are generated and measurement signals
are evaluated by FPGAs. Communication with the batteries is
done using a CAN-bus. Relevant parameters of the hardware
prototype of the multiport device are displayed in Table I. In
contrast to [11], [16] the energy stored in batteries is one order
higher and therefore the entire prototype is closer to a real
multiport device.

In the presented measurement results several imaginable op-
eration points of a multiport device are illustrated. These op-
eration points are emulated by specifying the set-points gy, .
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Li-Ion
battery modules

Inductors (Lpatzy-)
for DC-to-DC converters

is emulated by positive battery currents. The behavior of the
battery currents is given in Fig. 11(a). The following scenario
is assumed. At the beginning, both EVs are charged with cur-
Ients iBary> = iBawy- = 10 A. After approximately 18.5 s the
charging current of the EV1 plugged to module p31 is doubled,
while the charging process of the EV2 plugged to module p32 is
finished. Simultaneously, a feed-in by two PV systems—that are
connected to the modules n31 and n32 of the multiport device—
is emulated with negative battery currents. As the behavior of
the proposed balancing concept using the internal energy flow
and the corresponding controllers shall be verified, no maxi-
mum power point tracking of the PV system is emulated, but
comparatively fast transients in the feed-in. The corresponding
behavior of these variables is given in Fig. 11(b). The amount
of the generated electrical energy differs. The battery current
iBatzy~ in module n31 is —15 A while the battery current gy, -

11506
Cabinet for
connection to AC grid Control unit
Phase arm inductors (L)
Fig. 10. Hardware prototype of a multiport device in power electronics laboratory.
drop of PV doubling charging current of EV1,
power generation by 75% charging of EV2 finished
(Figs. 12-14) (Figs. 15-17)
20 T T T T T
2 -+ 200 ms 200 ms ——F — igapa1 (EVID)
z \ — iBaps2 (EV2)
5 0 .
=} 1Batp33
3 —i
o0l | Batp34 ‘
(a)
20 [~ T T ]
2 — iBam31 (PV1)
z — ipam32 (PV2)
8 0 -
E LBan33
3 )
— Bamn34
—20 I I | ! !
0 5 10 15 20 25
Time (s)
(b)
Fig. 11. Measurement series of an emulation of several operating points of a

multiport device using batteries that are connected to the modules of an MMC.

of the battery currents. The MMC is operated in dc mode with
a current g = 0 A. An overview of a measurement series is
given in Fig. 11. Thereby, the charging of two EVs that are
plugged to the modules p31 and p32 of the multiport device

in module n32 is —5 A. After approximately 8 s a reduction
of solar irradiation is assumed that leads to a drop of power
generation by 75% for both PV systems.

To sum up, three different operation points as well as the tran-
sient behavior between these operation points of the multiport
device have been investigated. Various amounts of macroscopic
horizontal and vertical unbalance as well as microscopic un-
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Fig. 12.  Measurement records of the sum of the capacitor voltages uc ;. (a),

the phase arm currents i, (b), and the grid currents ix,, (c) during a drop of
the power feed-in by the PV systems in the modules n31 and n32.
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Fig. 13. Measurement records of the variables of horizontal unbalance

(a) and the corresponding set-points and disturbance correction variables of
the dc parts of the circulating currents and active power component of the grid
currents (b) as well as the variables of vertical unbalance (c) and the corre-
sponding set-points and feed-forward variables of the ac parts of the circulating
currents (d) in DSRF representation during a drop of the power feed-in by the
PV-systems in the modules n31 and n32.

balance in the phase arms p31 and n31 is generated in these
operation points. Detailed measurement results of the transient
behavior of the multiport device are provided with the diagrams
given in Figs. 12—17. These diagrams are structured similarly.
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Fig. 14.  Measurement records of the capacitor voltages u,3. of phase arm

n3 (a) and the set-point of the q-component %é * of the positive sequence of the
ac parts of the circulating currents (b) during a drop of the power feed-in by the
PV-systems in the modules n31 and n32. Additionally, the corresponding phase
arm current ¢, 3 (c) and the number of active modules of phase arm n3 (d) are
depicted. The intervals during the activation of module n31 are highlighted with
a green background.

In Figs. 12—14 the behavior of the relevant electrical variables
of the multiport system in case of the emulated drop of the
feed-in by the PV systems is depicted. Figs. 15-17 show the
operation of the multiport system during the variation of the
charging currents of both EVs. The duration of the measurement
records is 200 ms in both cases.

In Figs. 12(a) and 15(a) the behavior of the six phase
arm capacitor voltages uczy. is given that is—according to
Section [II—equivalent to the electrical energy that is stored in
the resulting capacitance of each phase arm. Additionally, the
instantaneous values of the phase arm currents i, are depicted
in Figs. 12(b) and 15(b) which consist of the circulating and grid
currents according to (9). Moreover, the instantaneous values of
the grid currents 4, are presented in Figs. 12(c) and 15(c). The
latter prove that the proposed internal energy flow concept does
not affect the ac side.

The transformed phase arm capacitor voltages ucy, and
ucyp that correspond to the horizontal energy distribution as
well as the sum of all capacitor voltages ucy that corresponds
to the total energy are depicted in Figs. 13(a) and 16(a).

The set-points I, and I¢,; of the components of the cir-
culating currents which are—based on vector equation (18)—
related to horizontal energy balance control and variables Ic,, -
and Icg, , for disturbance correction due to the fed in by the
batteries are shown in Figs. 13(b) and 16(b). Furthermore, the
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Fig. 15.  Measurement records of the sum of the capacitor voltages uc .y

(a), the phase arm currents i;, (b), and the grid currents iy, (c) during a
variation of the charging currents for EV1 and EV2 which are plugged to the
modules p31 and p32.

set-points 7, and the variable iy 4., for disturbance correction
of the energy control are given.

Analogous to the horizontal energy distribution, the be-
havior of the vertical energy distribution represented by its
corresponding transformed phase arm capacitor voltages ucaq .,
ucag, and ucag is presented in Figs. 13(c) and 16(c).

) In Figs; 13(d) and 16(d) the set-points of the components 26 4>
g, and ¢ q of the circulating currents as well as the related

variables %C‘}(Lz’ %6 d4.,and %é o, for vertical energy balancing are
presented.

While in Fig. 14(a) the behavior of the module capacitor
voltages uc,3. in phase arm n3 is given, the behavior of the
module capacitor voltages ucy,3. in phase arm p3 is depicted
in Fig. 17(a). A reason for this difference is that the different
phase arms are affected by the change of the battery currents,
respectively.

The behavior of the set-point EEZ for the g-component of the
circulating currents that is used for microscopic energy balanc-
ing is depicted in Figs. 14(b) and 17(b).

The consequential phase arm currents 7,3 in Fig. 14(c) and
izy in Fig. 17(c) are depicted as well as the phase arm duty
cycles a,,. in Fig. 14(d) and a,,. in Fig. 17(d) are given.
The intervals while the module n31 in Fig. 14 and module p31
Fig. 17 is activated are highlighted with a green background in
both figures.

The fast drop of renewable energy generation by the PV
systems in Figs. 12—14 leads to an operation point where the
lack of energy has to be provided from the electrical grid which
can be recognized from the increase of the instantaneous values
of the grid currents in Fig. 12(c) and the rise of the absolute
value of the d-component fif\fd of the grid currents. Furthermore,
the emulated variation of the fed in of the PV systems causes a
slight increase of horizontal unbalance while vertical unbalance
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Fig. 16. Measurement records of the variables of horizontal unbalance
(a) and the corresponding set-points and disturbance correction variables of
the dc parts of the circulating currents and active power component of the grid
currents (b) as well as the variables of vertical unbalance (c) and the corre-
sponding set-points and feed-forward variables of the ac parts of the circulating
currents (d) in DSRF representation during a variation of the charging currents
for EV1 and EV2 which are plugged to the modules p31 and p32.

is decreased. The microscopic unbalance is reduced as the set-
point iéz of the reactive circulating current is halved. Due to
the energy fed in the module capacitor, the module is mainly
activated when the sign of the phase arm current ¢, is negative.
During specific moments when all modules have to be activated
due to the required phase arm voltage. In that case, the module
n31 is activated though the sign of the phase arm current is
positive.

The variation of the charging currents of the EVs in Figs. 15—
17 does not affect the macroscopic energy distribution but gen-
erates a higher amount of microscopic unbalance. Effects of
the uneven load of the module capacitors in phase arm p3 can
be gathered from the behavior of the module capacitor voltage
UCgy-. To compensate these strong unbalances, the set-point
E}Z is nearly tripled. As energy is taken from the module ca-
pacitor, the module is mainly activated when the sign of the
phase arm current i, is positive. Analogous to prior, there are
specific moments when all modules have to be activated due
to the required phase arm voltage and module p31 is activated
although the sign of the phase arm current is negative.

Further measurement results also show that the operation of
the multiport device is also possible, if the emulated EVs and
PV systems are connected to the ports of one single phase arm.

In sum, the operation of the multiport device based on the
proposed concept for energy and balance control is working
properly. The operation points of a multiport device that are
emulated by the batteries can be generalized for arbitrary op-
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Fig. 17. Measurement records of the capacitor voltages u 3. of phase arm n3

a) and the set-point of the g-component i/, - of the positive sequence of the ac
p q p Cq p q

parts of the circulating currents (b) during a variation of the charging currents
for EVI and EV2 which are plugged to the modules p31 and p32. Additionally,
the corresponding phase arm current i, 3 (c) and the number of active modules
of phase arm p3 (d) are depicted. The intervals during the activation of module
p31 are highlighted with a green background.

eration points. The grid currents are not affected by the inter-
nal energy flow. In contrast to the state-of-the-art, there are no
restrictions anymore concerning the energy sinks and sources
that are connected to the ports of the multiport device.

V. CONCLUSION

This paper has proposed a multiport device based on an MMC
without restrictions in operation. To get a systematic and bene-
ficial description of the converter topology, a macroscopic and a
microscopic view has been introduced. In the macroscopic view,
a degree of freedom in the circulating currents for macroscopic
energy balancing has been identified and could have been de-
veloped for microscopic energy balancing. Hence, it could have
been proven that there are no restrictions for connecting elec-
trical sinks and sources to the ports of the multiport device
due to the suggested strategy of balancing microscopic energy
unbalance. All considerations have been successfully verified
with measurements at a hardware proof-of-principle prototype
in laboratory where imaginable operation points of a multiport
device have been emulated with lithium-ion batteries.

APPENDIX

In the following, a detailed derivation of the relations
between voltages and currents—particularly in their DSRF
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representation—and the horizontal and vertical energy flow as
well as the entire energy flow of the MMC is given.

In a first step, the instantaneous phase arm powers p,,,, of each
phase arm are calculated from the phase arm voltages u,, and
the phase arm currents .. The voltages u,,, are substituted by
the definition from vector equation (5) and the currents 7,, by
the definition from vector equation (9).

Pp1 = Up1 - ipl

1 1.1 (29)
= | —uN1 + Sud )| g +i01 + 3k

Pn1 = Un1 inl
1 1. , 1. (30)
= | un1 + iud : *§ZN1 +c1 + gld

Dp2 = Up2 " Tp2
1 1. . 1.
= <UN2 + 2“«1) : <22N2 +tc2 + 3ld)
Pn2 = Un2 " in2
1 1.1 (32)
= (um + 2%) : (_QZNZ +ic2 + 3Zd>

Pp3 = Up3 'ip2

(3D

1 1. , 1. (33)
= | —un3 + D CRE +ic3 + 3k
Pn3 = Un3 - in3
1 1. ) 1 (34)
= |ux3 + Fud |- T5N3 +ics + 3l |-

In a second step the instantaneous values of the grid volt-
ages uyy, the grid currents ix,, and the circulating currents
icy are replaced by the DSRF representation from (7), (10),
and (11).

Pp1 = — <ﬂ§d cos(wnt) — dy, sin(wnt)
. O, 1
+ lyq cos(wnt) + dy, sin(wnt) — ud

1, 1,
<2i1§d cos(wnt) — iil‘\Iq sin(wnt)

1/; il .
+ 2N cos(wnt) + 25Nq sin(wnt)

+Ica + %gd cos(wnt) — iaq sin(wnt)

5 A 1
+ 1gq cos(wnt) + i, sin(wnt) + 31'(1) (35)
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Pn1 = | Ggq cos(wnt) — g, sin(wnt) 1. o 1. o
< Nd Na . Ez&d cos| wnt + 3 §z§q sin{ wnt + 5
. P 1
+ Uy cos(wnt) + lixg sin(wnt) + §ud) N 1. . o N 1. . . ot
- _ 2L - in 2L
5 iNa COS | WN 3 5 iNg SIn | WN 3
1., 1.,
. <_§sz cos(wyt) + 5N sin(wnt) 1 V3 o
— 51’@(1 5 —Icp + ZCd cos| wnt + 5
1. 1. .
QZNd cos(wnt) — QZNQ sin(wnt) . I . -
R ) —Ig, SN wnt + ? + 10q COS th—?
+ Ica +igq cos(wnt) — ig, sin(wnt)
A 2m
. . 1 + ig, sin| w t——) +—id> (39)
+ 1gq cos(wnt) + ig, sin(wnt) + gzd) (36) Cq ( Nt 3
R 2w 27
. 2 21 DPn3 = (u&d cos (th + —) ty,, sin (th + —>
Pp2 = — | ling cOS| Nt — 5 — Uy sin| wnt — 3 3 3
2 2T 1
o 2m J 2m 1 + iy g COS (th—1> iy, sm(th——) += ud>
+ diy 4 COS th+? Fiy, sin th+? —5ud 3 3 2
]./;+ 27T 1f;+ . 27T
. (12 COS<WNt 2 12 sin| wnt — n TN s Nt 3 i 2'Nq S Nt 3
2 Nd 3) 2% 3
1 5 1. ( . 27T> 1, < . 27r>
. — —iyg Cos| wNt — — —in, Sin| wnt — —
sz cos(th+ ) 2i1’\1q sin(th—i—?ﬂ-) 9 'Nd N 3 9 'Ngq N 3
1 V3 . 27
\/§ 2 - 5[00 — 7]@[3 + Zad CcoS <th + ?>
- QICa D) —1Icp + ZCd cos| wnt — 5
A 2 - 2
PV 27 A 2 — i sin(th+ —7T> +icq cos(th—ﬂ>
—igg sin| wnt — 5 + g4 COS th—i—? 4 3 3
A 2 1
2m + io, sin| wnt—— | +-iq | - 40
+ igq sm(th+ . ) +3zd) 37) Ca < A ) 3 d) @0
_ : 2T ; 27 The instantaneous power p,,, of every phase arm is now trans-
Puz = | lixg cos| Nt = 3 ~ liyg sin{ wnt = 3 formed in a useful representation that allows an interpretation

of the energy flow in a horizontal or vertical direction based on
i 2 2ry 1 t tion (16) and Fig. 6
+ dyq cOS th—F? +iy, sin | wnt+— 3 +-ug vector equation (16) and Fig.

2
1 1 1.,
1, 2 1., 2 _ o= PO
| —zi%q cos| wnt — il + =i, sin| wnt — il Poa = QUNdZNd + QquZNq 5UNa"Na
2 3 2 4 3
1 N
1. 2 1. 2 Stz
_ iil’\ld cos <th + %) — iil’\]q sin <th + %) + 2quZNq + uqlca
1 /3 . 9 + Ugiég cos(wnt) 4 uqicy cos(wnt)
= gloa + - lop + g cos| wnt — = A )
— Udi, sin(wnt) + Udic, sin(wnt)
A 27 A 27
—ih, sin| wnt — — | +ig, cos| wnt+— 1 A 1 o (41
Ca < N 3 ) cd ( AT ) - 5711*\1(1@';-(1 cos(2wnt) + §ﬁ1§qi§d sin (2w t)
+ ZC 51n<th+2 ) 4= zd) (38) 1.+ . 1. .
q 3 3 + 2 0%atNg sin(2wnt) + 2 0%q N cos(2wnt)
_ . . . 2m ; 2 1 . 1 A
Pp3 = — | Uxnq cos| wnt + 3 — dy sin| wnt + el - 511{\1(12'1;(1 cos(2wnt) — iﬂ{\lqif\]d sin(2wn t)

o 27 J 27 1 1. - 1. . .
+ Uy cOs th—? +iy,, sin th—? 5l + §quzf\Iq cos(2wnt) — QuNdlf\Iq sin(2wn t)
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+ualcp
+ uqigy sin(wxt) + ud%eq cos(wnt)
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—Ugq 21’\101 cos(wyt)

“uging sin(wxt) + 5

2
2., .
gquZd cos(wnt)

- gaf\ldid sin(th) -

2 . 2.
+ 3Unad sin(wnt) — 3Unqid cos(wyt)

1 R 1 A 42) + ﬁf\ldfca sin(wnt) + quICa cos(wnt)
4+ — U g SIN(2wnt) + =0y, iy cos(2wnt
9 Nd'Nd (2wnt) 2 Na'Nd ( N ) — ﬁi\ldfca sin(wyt) +quICa cos(wnt)
1. - 1.~ .
+ iuﬁdzf\lq cos(2wnt) — iuf\]qu\lq sin(2wnt) + it Iop cos(wnt) — iy, Iop sin(wnt)
N 1 A U~ ;
B 51217\1(1"17\101 sin(2wnt) + ia&qii\ld cos(2wnt) +inglep cos(wnt) +lygles sin(wxt)
1 . 1 . + iy i SN (2w t) + qusz cos(2wn t)
+ §ﬂ&di1’\1q cos(2wnt) + 5111(1(1@'1’\1(1 sin(2wnt) o
+ @ 18, cos(2wnt) — Uik, 1¢, sin(2wxt)
3 3 3 3 Nd“Cq N Nq“Cq N
pPxo = 7§ﬁl+\1dilt1d - éﬂgqlltfq 217‘17\1(1 Nd Qﬁlzfqzlzlq — s %* sin(2w t) + 2
Ndtcd N quZCd cos(2wy1)
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3 3 The active power components are now calculated from the in-
— g Ica cos(wnt) + ﬁ&q I, sin(wxt) stantaneous components applying the definition of active power
from (17). Thereby, all terms that contain oscillation parts with
Y. p
— lyqlca cos(wnt) =ty lea sin(wxt) the grid angular frequency wy are eliminated.
+ g lop sin(wnt) + ﬂf\qucﬁ cos(wnt)
— dyglop sin(wnt) + Uy lop cos(wnt) Pso = 271111#\1(1 + 2quZNq 2ﬁ1+\1dif\1d + §al+\1qif\1q
— uNd (g cos(2wnt) + qusz sin(2w t) +uqlca 47)
P 1 A o ]- - N N i)
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— Qi gigq COS(2wNt) — tiyg ioq Sin(2wxt) +uales (48)
— iy, sin(2wnt) + iy ic, cos(2wxt) (44) 3., 3. - 3. 3. 4
Nd Cq NaCa Py = *5“?\1(11;1(1 2u+qul+\Iq QuNd Nd ZUNqZNq
pA—uz+uz+uz+uz
B Nq“Cd Nd“Cq Nq“Cd Nd“Cq +U(1id (49)
1. 1 ., . . R R
+ uaing sin(wnt) + Suaiyg cos(wnt) Pro = —figgigg + lngicg — Gigic + Mgl (50)
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a4t A D At 7o At T
Pap = lyqioqg T Unalcg T Unglica + Unaleg (5D

PAO = _ﬁ’ltldiad - ﬁ&qlaq - ﬁllfdléd - a&qléq (52)
Finally, the following assumptions are used. There is a negative
sequence neither in the grid voltages nor in the grid currents.
Consequently, i, Uy ¢ INa» Ing €qual zero. Additionally, due
to the DRSF-PLL the grid angle yx is calculated in such a
manner that 4y, equals zero as well. This yields to the following
expressions for the active power components

Py = ugqlca (53)
Prs = uqlcs (54)
Poo = iggii + uaia (55)
Pro = —l34icy (56)
Pag = g 4ic, (57
Pro = — Ui - (58)

Consequently, the relations from the compact representation of
vector equation (18) have been derived.
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