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Abstract In this paper, a unified power flow analy-
sis is proposed for current diverters which are used for
balancing series stacked voltage domains, e.g. employed
in photovoltaic (PV) energy systems or auxiliary power
supplies with very high DC input voltage. This analysis
allows to easily derive the power levels processed by the
current diverters for any given operating point of the
attached sources and/or loads representing the voltage
domains. The proposed analysis is applied to two ex-
amples; on the one hand PV systems are investigated
where it is revealed, that power limited current divert-
ers can only offer a benefit for light shading scenarios,
and on the other hand auxiliary power supplies with ex-
tremely high voltage conversion ratios are investigated.

Keywords Current Diverters -
Partial Power Converters

Voltage Balancing -

1 Introduction

Partial power processing converter architectures [1] for
balancing series connected sources and/or loads, i.e. in
general a string of voltage domains or cells, have gained
significant interest in the past, due to their capability of
balancing local asymmetries in voltages by processing
only a fraction of the full system power. This enables
high conversion efficiencies and small converter volumes
compared to full-power converters, since the converter
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Fig. 1 Generalized application of string current diverters
consisting of Ny series stacked cells and Ny, = Ng — 1 cur-
rent diverter modules. Each cell can either be a power source,
power sink, or storage element without any net power flow.
Therefore, considering stationary operation, the values P ;
can either be positive (i.e. loads), negative (i.e. generators) or
zero (i.e. capacitors). (b) Possible implementation of a current
diverter module as inverting buck-boost DC/DC converter.

modules can have a low power rating and their effi-
ciency has a reduced impact on the total conversion
efficiency. Popular applications for a DC current di-
verter concept are battery state-of-charge (SOC) equal-
ization [2, 3], data center power distribution [4], mul-
tistage stacked boost converters [5-7], stacked voltage
domains for CPU power delivery [8], photovoltaic (PV)
energy systems [9-13] and auxiliary supplies for ex-
tremely high conversion ratios [14]. The common struc-
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Fig. 2 Detailed steady-state analysis of (a) the current flow, and (b) the power flow in the generalized current diverter system
balancing a string of cells. In (a) the cells are modeled as current sources Ig ;. The current Itot from the DC-link flows through
all current sources while the difference between I;o¢ and the currents of the individual sources is compensated by the diverter
modules with currents I. ;. Since the voltages of all cells are equalized, the power flow analysis of (b) can be based on the
derived currents, which shows that finally each cell receives the power Py from the DC-link (or delivers it to the DC-link,
depending on the sign of Py). Accordingly, the current diverters are compensating the mismatch between the individual cell

power levels Ps ; and Fo.

ture of these systems is a series stack (string) of multiple
cells, acting as power sources or loads, where around ev-
ery two neighboring cells a string current diverter mod-
ule is connected (cf. Fig. 1(a)). The basic implementa-
tion of the current diverters is with inverting buck-boost
converters operated with a fixed duty cycle of D = 0.5
in order to equally balance the voltages between adja-
cent cells for stationary operation.

Even though the current diverters have been in the
focus of research for many years, there are still no gen-
eral design guidelines for the diverter modules. Espe-
cially in the area of PV energy systems, the design of
the diverters is strongly dependent on the number of PV
modules in a string and the expected worst case shading
scenario (cf. [15,16]). Accordingly, in this paper a uni-
versal power flow analysis is introduced, which allows
to easily identify the power level which is processed by
any diverter module for a given scenario of stacked volt-
age sources and/or loads, irrespective of the underlying
application. Based on the analysis presented in Sec. 2,
the required specifications for the design of the diverter
modules can be derived, which is demonstrated for a
PV system application in Sec. 3. In addition, the im-
pact of limited power ratings of the diverter modules
on the power output of the PV string is investigated.
In Sec. 4, the proposed method is applied to auxiliary
power supplies with high step-down conversion ratios,

termed “Rainstick” converters. Finally, the concept of
coupling the inductors of the diverter modules and the
associated advantages and disadvantages are analyzed
in Sec. 5.

2 Power Flow Analysis

From a general point of view, the structure of any sys-
tem with current diverters consists of Ny cells acting
as sources/sinks and N, = Ny — 1 diverter modules,
as shown in Fig. 2(a). In steady state operation, the
stacked cells can be modeled as current sources/sinks
Is1...Is ns and a capacitive storage element connected
in parallel, as indicated by the grey blocks in Fig. 2(a).
Depending on the type of operation and/or appli-
cation, the current sources/sinks can have one of the
following three states (sign of Iy ; with i € {1, Ng}):
— Positive: Operation as a sink, i.e. load;
— Negative: Operation as a source, e.g. PV module;
— Zero: No net power flow, i.e. capacitor (storage).
Based on Kirchhoff’s current law the currents of se-
ries connected cells have to be equal (in case no cur-
rent diverters are employed). Depending on the appli-
cation, however, the current values of the individual
cells might be different, e.g. due to different light irra-
diation on the PV modules in a string. Therefore, cur-
rent diverters have to be added around adjacent cells in
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order to decouple the operation of the individual cells = which can be written in a vector form as
and to allow an operation of each cell in the maximum

. . . % P P P P 4
power point. In this case, the current diverter mod- s = ( $,15 L7825 ooy 5 Ns) (4)

ules conduct the currents I.; which is the difference
between the total current Iy flowing from the DC-link
through the series stacked cells and the cell currents I ;
(cf. Fig. 2(a)). Based on that, for each node the cur-
rent balance equation can be stated, e.g. for the first
node lioy — Is1 — Ic,1 = 0, and for the second node
Igqw —Isp + 211 — I, 2 = 0, etc.. These equations can
be reformulated as

Is,i = Itot + Ic,z'—l - Ic,i (1)

with i € {1, Ns}.
Based on this set of equations, the total current I
can be derived as the average current of all cells, i.e.

N,
Zi:sl Is,i

N (2)

Itot =

In addition, the currents conducted by the individual
current diverters can be determined as

Ny i
1 1. - )
o=y [0 2 B e k| @)

j=i+1
[ — ——
@ @

It can be seen, that the current conducted by any cur-
rent diverter module is influenced by all cells, since the
current level is calculated by weighting the sum @) of
all cell currents “below” the diverter module with the
number 4, which is the number of cells “above” this di-
verter, and subtracting the sum @) of the cell currents
“above” the diverter module weighted with the num-
ber of cells Ny — i “below”. For the case that all cells
have equal current values (i.e. g1 = Is2 = ... = Is ns),
the current levels in all diverter modules become zero,
which is in accordance with the expectation that no cur-
rent transfer through the diverter modules is necessary
in case of missing mismatch and/or perfect balance.

As a result of the employment of current divert-
ers, the voltages of all series stacked cells are equal-
ized to Vy,; = Vpc/Ns. In combination with the previ-
ously derived current equations, the system operation
can also be described with respect to the power flow (cf.
Fig. 2(b)). Each cell can thus be regarded as a power
source/sink with one of the following three states (sign
of P, ; with i € {1, N}):

— Positive: Operation as a power sink, i.e. load;
— Negative: Operation as a power source, e.g. PV mod-
ule;

— Zero: No net power flow, i.e. capacitor (storage),

to simplify the notation. The total current i,z which
flows through all cells can be regarded as the total
power P which is directly transferred from the DC-
link Vpc to the individual cells, or vice versa. This
means, that each cell provides/receives the power P,
directly to/from the DC-link source Vpc, which is the
average value of the power levels of all power sources,
ie.

N,
Zi:sl Ps,i . Ptot

P =
° N, N,

()

Thus, the current diverters only balance the power
asymmetries among the stacked power sources such that
the difference between the average power P, and the ac-
tual power level P;; of a power source is compensated.
By taking into account, that, based on (1), for each
of the stacked cells a power balance has to prevail (i.e.
—Py i+ Po+PF.;—1—F.; = 0for a cell with index number
i), the set of equations for all cells can be solved to find
the levels of power which are transferred by the current

diverter modules, i.e. p; = (Pens Pe2y ooy Peons1), S
1 N, i

Pc,izﬁ v Z PS,j_(Ns_i)'ZPSJ ) (6)
s j=it1 i=1

which is in analogy with (3), if both sides of (3) are
multiplied with Vi ; = Vpc/Ns.

3 PV Energy Systems

In order to mitigate the effects of mismatched operation
conditions in a PV system, current diverter modules
(also termed parallel-connected partial-power module
integrated converters [17], or power shufflers) can be
installed to operate all PV modules close to their maxi-
mum power points (MPPs) [18], as shown in Fig. 3.
Thus, the vector of power sources ps can be written as
Pl

= (—Pupp,1, —Puprps, ..., —Pupp,Npv), (7)

Pyipp,; > 0, for a system with Npy PV modules.

In the following, a worst case scenario is considered,
where the string of PV modules is divided into a shaded
part and an unshaded part. It is assumed that the first
n PV modules are shaded and have a maximum power
generation of kg, - Pypp per PV module, and the re-
maining Npy — n PV modules are unshaded with a
maximum output power of Pypp. According to (5), the
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Iypp., 1., ] the string. Thus, by relating the maximum converter
P, > power to the MPP power of the unshaded PV modules,
I, o [D;C i.e. 7p = | Pe max|/Pyvpp, the number of PV modules in
5 & P, the string can be found, where a certain power ratio
P, Lupp. @ rp is reached that depends on the light transmissibility
S factor of the shade, kg, as
s 21, F, I, s 4.

“lbc I 4 Npy = 1 kp . (11)

' : + — hsh
| ' : @—VDC As an example of this worst case scenario, for a
Py 21 Nea | string with Npy = 20 PV modules out of which the first
1 Inipe,vs1 (or last) 10 PV modules are shaded, assuming kg, = 0.8
P, \H|Z| 1’: (i.e. the shaded PV modules deliver 80% of the power of
I nes 9 [( e the unshaded PV modules output power Pypp) the di-
Tome o, verter module in between the shaded and the unshaded
section of the string has to already process 100% of the
Pns power of an unshaded PV module (Pypp), i.e. 7, = 1.
5 o | Hence, this diverter module would have to be designed

Fig. 3 Analysis of the current and power flow in a PV system
with current diverter modules. The PV modules are replaced
with current sources, and the cell currents have negative val-
ues (Is;; = —Iupp,;) and also the total current Iio¢ has a
negative value, according to (2), and thus flows into the DC-
link. Therefore, the physical direction of the power flow is
from the PV modules to the DC-link. The power which is
processed by the individual diverter modules depends on the
actual shading scenario and is not equal for all diverter mod-
ules.

average power which is directly transferred from each
PV modules to the DC-link source is

n - ks - Pmpp + (Npy — n) - Pypp

P, =—
¢ Npv

(8)

Regarding the diverter modules in this scenario, the
amount of power which has to be processed in each
diverter module n can be calculated as

P
Pop—— MPP
Npv

-(n-(va—n)—n~(va—n)~ksh) .
(9)

In case half of the PV string is shaded and the other
half is unshaded, the maximum of (9) can be found at
n=2% 5, which means that the diverter module at the
boarder of the shaded and unshaded section of the PV
string has to process the largest amount of power. The
power flow through the balancing converter connecting

the two sections is then

Npv
4

As can be seen clearly in (10), P. max is not only

proportional to the PV modules power Pypp and kgy
but also to the total number Npy of PV modules in

- Pypp - (1 = kgn) - (10)

|Pc,max| =

for the same power rating as a power converter process-
ing the full power of a PV module [17] and would thus
nullify the advantages of the partial power conversion.
For even more severe shading scenarios (i.e. lower k)
the situation becomes even worse and the most affected
current diverter module has to process a multiple of the
power of a single PV module.

3.1 Implications of Power Limitations

This dependency of the required power rating of the
current diverter on the shading scenario and the string
length complicates the converter design. As a natural
consequence, the power rating of the current diverters
has to be limited to a defined value, which, however,
will no longer allow to operate all PV modules in their
respective MPPs at all times, as explained below.
Considering again the same worst case scenario where

a string with Npy PV modules is equally split into a
shaded and an unshaded section, the total theoretically
available power of the entire string is

N,
BV Pupp - (1+ k) (12)

Pth,max =
which is shown in Fig. 4 (normalized to Pyax = Npv -
Pypp) as the topmost line with the highest power.

In state-of-the-art systems with only bypass diodes,
the string can either be operated at the MPP current
level of the unshaded PV modules, i.e. bypassing the
shaded PV modules, which yields an output power of
Ppa = Npv/2- Pypp (horizontal line at 0.5 in Fig. 4),
or all PV modules can be operated at the MPP current
level of the shaded PV module, which results in an out-
put power of Pp; = Npy/2 - kg, - Pupp (diagonal line
in Fig. 4 from (ken, P/ Puax) = (1,1) to (0,0)).



Unified Power Flow Analysis of String Current Diverters 5
P/Pmax 1 . - T T {
L Npy=20 rp=2 \P N A
0.8 A D1 PV T
Pth,max | r :0254 Pout,lim = — - PMPP . 2 . kbh + 71) (15)
v 2 Npy
0.6 | S O =05
’ =0.75 . . . . .
: ; s _:_71"_p ------ 7 (blue parallel lines in Fig. 4) which are valid for kg, <
0.47 —_ Pp2 - 1—4-r,/Npy. For kg, > 1—4-1,/Npy, the total avail-
0.2 L 7| il able power P, max can be harvested. In addition, when
'_ | Pyt lim drops below Ppy the operation of the current
(a) ol’ diverters no longer provides any benefit. In this case,
P/ Prax 1 — T T the shaded PV modules are advantageously bypassed
0.8 rp=1 ' by the bypass diodes and the unshaded PV modules
| " s // rp=0.25 Dl_ are operated at their respective MPPs. Hence, in con-
06| / 7p=0.5 _ trast to a first guess, the useful operating range and
= | the benefit of current diverters are rather limited, as
0.4F Poy— =" 1 the two following examples show.
et The results of the calculations above are visualized
021~ i for string lengths of Npy = 20 and Npy = 10 in
o’ Fig. 4(a) and (b), respectively. It can be seen, that
0 0.2 04 06 0.8 1 even if the current diverters are designed for the full
(b) Light Transmissibility of Shade kg

Fig. 4 Influence of the current diverter power rating r, on
the harvested power of a string with Npy PV modules for
different shading intensities for the worst case scenario (half of
the PV is string unshaded and the other half is shaded). The
red colored area defines the power which cannot be harvested
even when the diverter modules are sized for the full power of
an unshaded PV module, i.e. for r, = 1. Hence, the benefit
provided by current diverters, visualized by the green colored
area, is small.

In the case where current diverters with a limited
power rating of r, = |P. max|/Pupp are used, the max-
imum theoretically available string power P max can
only be harvested above a light transmissibility factor
ksn of the shade of

4.7,

ksh Z 1-— (13)

PV

which can be derived from (11). If the light transmis-
siblity falls below this limit, the only way to keep the
power of the current diverters at or below their maxi-
mum power rating is to operate the unshaded PV mod-
ules at an operating point Ppy sub = kpv 1im - Pmpp be-
low their MPP. The factor of power reduction kpv jim
can be derived by modifying (10) to be

| Pe max| = Npv/4 - Papp - (kpv tim — Ksh)- (14)

Inserting the relationship of |Pmax| = mp - Pupp
and solving the equation for kpv jim yields kpv jim =
ksh + 4 - r,/Npy. Based on this, the total power that
can be harvested from a string of PV modules under the
worst case shading scenario (i.e. splitting the string into
two equal sections), can be derived for power limited
current diverters as

power rating of an unshaded PV module (i.e. 7, =
1, which is what full-power converter concepts require
[17]), it is not possible to harvest all of the string power
Pt max for shading factors below kg, < 0.8 or kg, < 0.6,
respectively, (red colored area represents the lost power
for r, = 1). The green colored area depicts the exten-
sion of the operating range concerning the additional
power which can be harvested in case the current di-
verters are employed (for 7, = 1) in comparison to
low-cost state-of-the-art solutions with simple bypass
diodes, which is +20% of P,ax for the case of Npy = 10
and only +10% of Py ax for Npy = 20. Please note, that
this consideration does not include any losses of the cur-
rent diverters, which will further decrease the benefits
of employing current diverters.

3.2 Efficiency Considerations

For an efficiency comparison of the string current di-
verter concept with a traditional series conected full-
power converter concept (typically consisting of buck-
boost converters [17]), the worst case shading scenario
is considered again, where the PV string is divided into
a shaded and an unshasded half. The efficiency of either
one of the concepts can be calculated as

Fou {\EDVP i J\E Pross,i
y = Lout _ izt Pevi — 225 Pross, 16)

] Npv
Pin > imr Puppi

which depends on the converter losses Pposs,i, the gen-
erated power of the PV panels Ppy ;, and the theoret-
ically available power of the panels Pypp,;. For a fair
comparison, it is assumed that the converters for both
concepts are designed for the same maximum power
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Fig. 5 Comparison of the efficiency of a string with Npy =
20 PV panels equipped either with series connected full-power
converters or with string current diverters with the same
power rating. One half of the PV string is unshaded and
generates Pyipp = 250 W per panel, while the other half is
shaded where each panels produces Ppy = ksn Pmpp. The
converters of both concepts have the same efficiency charac-
teristic.

rating P max = Pupp (i.e. 7, = 1), and that they ex-
hibit the same efficiency characteristic in dependency
of the processed power. This means, they have the loss
characteristic,

PLOSS(P):a+b.P+C.P27 (17)

composed of a constant term (a, i.e. control losses), a
term proportional to the processed power (b- P, i.e.
diode conduction losses), and a term proportional to
the square of the processed power (c- P2, i.e. resistive
losses). For a PV string with Npy = 20 PV panels,
an MPP power of Pyipp = 250 W and an assumed eff-
ciency characteristic (¢ = 1,b = 0.0125, ¢ = 0.0000625),
the efficiency of both concepts can be calculated for dif-
ferent values of kg, for the worst case shading scenario,
as shown in Fig. 5. It can be noticed, that the effi-
ciency of the string current diverters is greater than
the efficiency of the full-power converters for high val-
ues of kg, i.e. similar power levels of the shaded and
unshaded panels. Below kg, = 0.8, the string current
diverter placed at the border between the shaded and
unshaded section of panels reaches its maximum power
limit and forces the unshaded panels to operate below
their MPP, i.e. Ppy,; # Pupp: (cf. Fig. 4(a)). This
reduces the efficiency of the system, since power is lost
that could have been harvested. In contrast, the full-
power concept shows a very flat efficiency curve with
little dependency on kg, because the PV panels can be
operated in the MPP for all values of kgy,.

One possibility to reduce the probability of the worst
case shading scenario could be to wire the PV panels
in a different pattern, such that PV panels from differ-
ent locations on the roof are connected to each other.
As a result, the PV string would not be divided into

\
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Fig. 6 Analysis of a cellular converter with high conversion
ratio consisting of series stacked capacitors and current di-
verter modules. The power Py is directly delivered from the
source to the load, while the rest (i.e. (Ns—1)-P,) is shuffled
through the diverter stages.

a shaded and unshaded part, but would have shaded
and unshaded panels connected in an alternating fash-
ion. However, this would come at the expense of greater
wiring efforts and conduction losses.

4 High Step-Down Conversion Ratio
“Rainstick” DC/DC Converters

Another application for current diverter modules are
(auxiliary) power supplies with high conversion ratios
[14]. In this application, the current diverter modules
are connected around a stack of series connected ca-
pacitors, where e.g. a supplying voltage source Vpc is
connected in parallel to the stack of capacitors and the
load Ry, is attached to the bottom capacitor, as depicted
in Fig. 6. The blocking voltage stress on the current
diverter power transistors is defined by the capacitor
voltages and ideally, i.e. for perfect balance, amounts to
only a fraction Vo /Ny of the total input voltage Vpc.
Therefore, assuming a certain power transistor blocking
capability, the achievable conversion ratio is determined
by the number Ny of employed capacitors. According to
the definitions of Sec. 2, the vector of power sources
becomes p; = (0,0, ...,0, PL,) in this case. Consequently,
the power P, which is directly delivered from the source
to the load (i.e. flowing through the series connected ca-
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pacitors) is > +— Modules 1.5
P
Po=—. 18
= (18)
The remaining part of the load power (i.e. (N; — 1) - 50 [mm)]
P,) has to be delivered by the diverters. The power &
level which is processed by each current diverter module £%
depends on the position of the diverter in the stack and N
can be determined with (6) as LV
HY [ES Terminal
, N ; Terminal 4 (mm] Ny . 70 [mm)]
Pcﬂzﬁ O Z ps(J)_(NS_Z)'Zps(J) s Ground
s J=it1 j=1 (a) Mainboard ' Terminal
=Pp-i =0 o514 100
PL g n [ O}T
=N (19)
s 80 v, =12kV
AN
This means, that the largest amount of power is pro- ‘ ‘ S
i . B 60 Vin =1.8kV b/""‘ ..........
cessed by the converter closest to the load, i.e. i = Ng—1 N —
which yields 10 A e
- =
Pc,max = PL : ST (20) 20 b7 Vin =2.2kV 1
S | | |
| | W
and approaches the load power P pax ~ P, for high (b) 05 5 10 5 20 55 30

numbers of N;. As a result, for large conversion ratios
the current diverters have to be designed for almost
the same power rating as the load power, reducing the
benefits of the partial power conversion concept. Fur-
thermore, the total system efficiency contains a mul-
tiplication of the efficiencies of the individual diverter
modules [14], which strongly limits the achievable to-
tal conversion efficiency for systems with a high num-
ber of diverter modules. However, as mentioned above,
the modular structure of the system facilitates a de-
sign of the diverter modules for only a fraction of the
entire DC-link voltage, which enables the use of semi-
conductors with reduced blocking voltage compared to
full-power concepts. In addition, the modular structure
allows for an easy realization of the system by employ-
ing multiple diverters modules with identical hardware
and the extension to different input voltage levels with
a different number of modules (scalability), potentially
offering cost benefits. Another advantage is the simple
and robust control of each diverter module with fixed
duty cycles of 50% without any communication between
the diverters. Thus, this conversion concept is espe-
cially well suited for high-voltage and high-power envi-
ronments (e.g. traction applications) where low-voltage
equipment with a low power rating has to be supplied
and a high conversion ratio is required (e.g. as an aux-
iliary supply). For this type of application, the limited
conversion efficiency of this supply is of minor concern
and will not affect the efficiency of the overall system

Fig. 7 (a) Prototype of a modular auxiliary supply for high
conversion ratios with Ny, = 5 balancing modules operated
from a DC-voltage of Viy = 2kV, an output voltage of
Vout = 400V, and an output power of Poyy = 30 W [14]. (b)
Efficiency measurement results for different input voltages as
a function of the output power.

which has a power rating that is several magnitudes
larger than the auxiliary power.

Therefore, in [14] a fully modular “Rainstick” aux-
iliary power supply is presented with 5 current diverter
modules for a voltage conversion from Vi, = 2.4kV to
Vour = 400V and an output power of P,,; = 30W
where only semiconductors with a blocking voltage of
Vbs,max = 1kV are employed (cf. Fig. 7). The diverter
modules also feature on-board auxiliary power supply
units with low component count and simple hysteretic
control, which allow them to operate completely inde-
pendently from the other modules. Since the power is
not at once directly transferred from the source to the
load but through a cascade of different diverter stages,
comparable to the pebbles falling down in a rainstick,
the converter was named accordingly.

5 Advanced Current Diverter Concepts

As mentioned in the previous sections, a disadvantage
of the current diverter concept is the influence of the



8 Matthias Kasper et al.
P, 1 P,
| P
+< @
L
(a)

Fig. 8 Current diverter concepts employing coupled inductors: (a) daisy chain configuration where coupled inductors allow to
transfer power from the first diverter module to the last one, and vice versa; (b) use of coupled inductors to reduce the overall
component count by reducing the number of required diverter modules; (¢) coupling all diverter modules on a common core
which enables the direct power transfer between all diverter modules.

number of sources Ny on the power transfer through
the diverter modules. This is especially unfavorable for
the application in PV energy systems, but is also a dis-
advantage for the Rainstick converters, where each di-
verter module has to be designed for a power rating
(almost) equal to the load power. In addition, due to
the coupled nature of the power flows between the cells
through the converters, a potential defect of a single
balancing converter would lead to an interruption of
the power flow and thus to unbalanced cell voltage. De-
pending on the application, this could lead to a failure
of the entire system, whereas full-power converter archi-
tectures can typically continue to operate (with reduced
system power) in the event of a single converter failure.
One possibility to mitigate or even remedy the men-
tioned problems is to couple the inductors of diverter
modules.

The first option is to insert/add coupled inductors
in the first and last diverter module. Together with se-
ries connected capacitors, this creates a series resonant
converter (SRC) structure as shown in Fig. 8(a). The
resonant frequency of the SRC (defined by the leakage
inductance of the coupled inductors and the resonant
capacitor) can be tuned to the switching frequency of
the diverter modules in order to operate the SRC in
half-cycle discontinuous conduction mode (HC-DCM),
i.e. as DC transformer with (nearly) load independent
ratio of input and output voltage [19]. The SRC allows
to transfer power directly between the first and the last
module which creates a daisy chain (i.e. ring) structure.
As a result, the maximum power which is transferred
in any diverter module or the module employing the

coupled inductor is half of the maximum power of the
uncoupled structure. This can be intuitively explained,
by considering that the power flow can be divided into
two paths in the ring structure. The disadvantage of
this option, however, is the required voltage isolation
of the coupled inductors which has to be rated for the
full input voltage.

The second option is to cyclically couple each di-
verter module with the neighboring diverter modules.
With this arrangement, the SRC topology can be used
to minimize the component count of the system, as
shown in Fig. 8(b). Instead of employing Ns—1 induc-
tors and 2- (Ng — 1) switches as in the uncoupled struc-
ture, the proposed concept with SRCs employs only N
switches and N /2 sets of coupled inductors with Ng/2
capacitors for the resonant operation. The SRCs are
used to transfer power from two sources to another two
sources, e.g. the power Py is transferred from Ps; to
Py 5 and Ps 2 to Ps 4, and vice versa. In order to balance
the power between Ps 1 and Py 5 or Py 3 and Py 4 etc., the
magnetizing currents of the SRC converters are used.
It should be noted, that the magnetizing current will
have a DC-offset if the power levels of the two sources
on one side of the SRC are unequal. Thus, the magne-
tizing current can only balance the sources on the side
of an SRC where no resonant capacitor is present. This
is also visualized in Fig. 9, where the current i, can
have a DC-offset if the voltages V; and V5 are unequal
(i.e. a DC-offset in the magnetizing current is created in
order to balance the voltages Vi and V3), while the res-
onant capacitor C.s between V3 and Vj also functions
as a DC-blocking capacitor, which prevents current i
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Fig. 9 Detailed explanation of the operation of diverter mod-
ules with coupled inductors: (a) coupled inductors (turn ratio
1: 1) as proposed for the current diverters. Opening the stack
of capacitors in (a) between Cy and C3 yields the equivalent
series resonant converter (SRC) in (b); (c¢) characteristic cur-
rent waveforms and switching patterns of the SRC where the
current iy, is the sum of the current is and the magnetizing
current imag. Due to the presence of the resonant capacitor
Cles, the current of is cannot show any DC-offset, while a
DC-offset can result in the current imae (and thus also in i)
if the voltages V7 and Vs are unequal.
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from having a DC-offset. In case the resonant capaci-
tors are placed on both sides of the coupled inductors,
additional inductors have to be employed in at least
one diverter module, which then allows to balance two
neighboring sources.

The third option for further minimizing the power
rating of the diverter modules is to assemble all coupled
inductors on a common core, as visualized in Fig. 8(c).
This does not only reduce the number of coupled in-
ductors to just one multi-terminal coupling device, but
also enables the direct power flow between all diverter
modules. Each SRC transfers the power level of

9 Ny 21
Py ;= E'Zps,j - Z B
J=1 Jj=2i—1
— N——

Twice the avg. of all sources  Sources at div. mod. ¢

(21)

The power transferred via the uncoupled inductors
can be calculated as

(Ps2i — Py (2i-1)) (22)

which is just required to balance the two sources on one
side of the SRC modules.

When applying the option of Fig. 8(c) to the worst
case scenario in PV energy systems (i.e. the PV string is
divided into a shaded and an unshaded half) the maxi-
mum power level that has to be processed by any SRC
equals

Px,max - PMPP : (1 - ksh) (23)

which is independent of the number of PV modules in
the string and is just the power difference between the
shaded and the unshaded PV modules which is always
lower than the power which would have to be processed
by full-power converters [17].

Despite the various advantages, there are also some
disadvantages resulting from the employment of cou-
pled inductors. Foremost, the operation of the diverter
modules can no longer function without synchroniz-
ing the switching patterns between the diverters. This
mandates the implementation of some sort of commu-
nication or synchronization signal among the divert-
ers which leads to additional hardware and wiring ef-
fort. Another drawback especially of the concept with
only one common core for coupling all diverters lies in
the loss of modularity. The system and particularly the
multi-terminal coupled inductor has to be designed for
a specific number of sources and can no longer be easily
extended for larger numbers of sources as given for the
uncoupled system. Finally, in systems with physically
distributed sources (e.g. PV modules on a rooftop) it
can be difficult to couple all balancing modules on a
single core.

6 Conclusion

The application of a power flow analysis to string cur-
rent diverters employed in PV system reveals that for
worst case scenarios (which are relevant for the con-
verter dimensioning) the required power ratings of the
diverters can exceed the power of the individual PV
modules. Consequently, by limiting the power ratings
of the diverter modules to only a fraction of the PV
module power, a considerable part of the theoretical
available power cannot be harvested. In fact, the gain
in power output compared to using only bypass diodes
is limited and reduces with longer string lengths.

For the “Rainstick” power supply that features high
conversion ratios, it is shown with the proposed analy-
sis, that the power rating of the diverter modules ap-
proaches the load power level for large numbers of di-
verters, which reduces the benefits of the partial power
conversion concept. However, the advantages of this
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concept are the modularity of the system, i.e. scalability
and/or adaptability to different conversion ratios, the
reduction of voltage stress for the employed semicon-
ductors compared to full-power concepts, and the ab-
sence of any communication between the diverter mod-
ules due to the operation with fixed duty cycles of 50%.
Thus, this concept is especially well suited for high-
voltage environments where a high step-down conver-
sion is required for powering low-voltage/power equip-
ment, e.g. as an auxiliary supply.

Moreover, the concept of coupling the inductors of
the diverter modules is presented, which allows to re-
duce the required power rating of the diverter mod-
ules and/or to minimize the number of required diverter
modules. Furthermore, the coupled inductors also pro-
vide additional redundant paths for the power flow which
can reduce the impact of a converter failure on the op-
eration of the system.
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