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A Tunable Power Sharing Control Scheme for the Output-Series DAB DC-DC
System With Independent or Common Input Terminals

Nie Hou

Abstract—To connect the low voltage energy storage source
equipment and the medium voltage dc (MVdc) bus, the output-
series dual-active-bridge (OS-DAB) dc—dc converter system with
independent or common input terminals becomes a promising op-
tion. For the OS-DAB dc—dc converter system, this letter proposes a
simple tunable power sharing control (TPSC) strategy to maintain
the voltage of MVdc bus, manage power sharing ratio for each en-
ergy storage system. The proposed strategy allows energy storage
equipment hot swap as well as converter system black start. Ex-
perimental results verify the analysis in this letter and the excellent
performance of proposed TPSC strategy.

Index Terms—Black start, energy storage system, hot swap,
medium voltage dc (MVdc), power sharing control.

I. INTRODUCTION

LONG with the development of renewable energies such
A as wind turbine energy and solar energy [1], the dc power
distribution system has been a promising alternative to collect,
transfer, and distribute these energies. Since these power sources
always generate unstable electrical power, energy storage source
(ESS) system has become an essential technology to boost ro-
bustness and stability of dc power distribution system [2]. The
ESS components such as batteries and super capacitors always
offer low output voltage. Therefore, the output-series dc—dc con-
verters with independent or common input terminals and modu-
lar multilevel converter isolated dc—dc converter system can be
employed to connect the low voltage dc (LVdc) component and
the medium voltage dc (MVdc) bus [3]-[5].

For the output-series dc—dc converter, there are some strate-
gies dealing with the voltage sharing performance for input-
series structure [6], [7]. These strategies usually focus on the
input side of converter system, and the output voltage sharing is
naturally allocated by obeying the energy law. Therefore, these
schemes are not completely suitable for the output-series dc—dc
converters with independent or common input terminals. More-
over, based on proportional and integral (PI) controller, some
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Fig. 1. Topology of the OS-DAB dc—dc converter system.

methods are presented to address the output voltage sharing per-
formance for input-parallel-output-series dc—dc converter [8],
[9], but these strategies restrict the dynamic responses of the
output-series dc—dc converter system without accurate adjust-
ment of capacitor voltages.

Since the output-series dual-active-bridge (OS-DAB) dc—dc
converter is adopted widely to link LVdc bus and MVdc bus in
dc power system [11], [12], the OS-DAB dc—dc converter with
independent or common input terminals as shown in Fig. 1 is
studied in this letter. Generally, in dc power system, the OS-DAB
dc—dc converter system with ESS system should meet various
controlling requirements, such as the following:

1) The uninterrupted power supply for maintaining the output

dc-link voltage.

2) The tunable power sharing ability for state-of-charge-

balancing control of different ESS equipment.

3) The hot swap control of multiple ESS system for mainte-

nance and replacement of ESS equipment.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intformation.
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Fig. 2. Output-side circuit of the OS-DAB dc—dc converter system.

4) The back-start performance for reducing fluctuations of
output capacitor voltages during startup process.
Therefore, this letter proposes a tunable power sharing con-
trol (TPSC) strategy for the OS-DAB dc—dc converter system
with independent or common input terminals to meet all the re-
quirements. Experimental results from a hardware prototype of
the OS-DAB dc—dc system with two DAB modules verify the
excellent performances of the proposed TPSC scheme.

II. TPSC STRATEGY WITH BLACK-START
AND HOT-SWAP ABILITIES

A. Proposed TPSC Strategy

For output-series converter systems, the power sharing per-
formance is determined by the output-capacitor voltage values
U.o« of each converter as

Pi:Py:...:P,, =Uc1 :Ueoa...: Ucom- (1)

Therefore, the power sharing performance of the OS-DAB dc—
dc converter can be realized by adjusting U.,,. Moreover, the
relationship between the change in capacitor voltage AU, and
the charging current i, in a switching period 7 is described
as [13]

leoq = AUC;—,(: COOé (2)
where C,,, is the output capacitor for each DAB module. In addi-
tion, the output-side circuit of the OS-DAB converter system is
shown in Fig. 2. In Fig. 2, the current flowing between two close
DAB converters is equivalent to 7, according to Kirchhoff’s Cur-
rent Law. Then, the output current of each DAB module i,,, is
expressed as follows:

loa = o T lcoa- (3)

Moreover, the transferred current i, of DAB dc—dc converter
based on single-phase-shift method is shown as [14]
Pa o UinaDa(]- B |D04|)TS
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Fig. 3. Block schematic of the TPSC strategy.

where P, is the transferred power, Ui, is the input voltage,
D,, is the phase-shift ratio, n,, is the transformer turn ratio, and
L., is the inductance for each DAB dc—dc module. Then, D,, is
calculated by i, as

Da = % - i - Qnif:%':a (iToz > 0)
D. = 1 1 2noa LoiTa ; O (5)
a**ﬁ‘i’ Z‘FW (ZTa< )

Ignoring power losses, the transferred power is equivalent to
the output power of each DAB module, and i, will be equiv-
alent to 7,,. However, the power losses of the OS-DAB dc—dc
converter in actual system cannot be neglected. Therefore, a
compensation coefficient k- should be introduced to eliminate
the difference between i, and i, as

1Tq = kCiocw (6)

In terms of accurately maintaining output dc-link voltage of
the OS-DAB dc—dc converter, k¢ can be calculated by a virtual
output voltage Uj., generated by the outer-voltage loop integral
controller with the control input (U*y. — Ugqc). Then, k¢ is
expressed as

Udcv
ko = . 7
= T @)
According to (7), (3) can be further expressed as
. Udcv . Udcv .
1Ta = 1o + Leoa (®)
4 Udc Udc

As shown in (8), v, can be divided into two parts for meeting
the output-current requirement for load and adjusting capacitor
voltage for each DAB dc—dc converter as

) Udco 5
Yo = T, bo
{ dcuv (9)

.  Udew » —
v coa = Ude Leoaw = leoar

In (9), when desired output dc-link voltage of the OS-DAB
dc—dc converter is achieved, Uq.,, is approximately equal to Ugc.
Therefore, in terms of adjusting the capacitor voltage for each
DAB converter, i/ 4., can be seen as ... Then, combining (2)
and (9), the block schematic of the TPSC strategy is shown in
Fig. 3. As shown in Fig. 3, the TPSC strategy for the OS-DAB
dc—dc converter system can be implemented. The I controller is
employed to compensate the error between Ug. and U4, and
the PI controllers with the identical integral and proportionality
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Fig. 4. Block schematic of the variant TPSC strategy for black start.

parameters are used to adjust U, synchronously. At the begin-
ning of each switching cycle, Uiy, Ucon, and ¢, are measured,
and Uy, can be calculated as the sum of U,,. Through the PI
controller, AU, can be obtained by U,,, and U}, , and then,
leoa can be calculated according to (2). Similarly, from the I
controller, Uy, can be obtained by Uy, and U* 4., and then, il o
can be acquired by using (9). Finally, according to (5), D,, for
each DAB module can be obtained. Generally, in the battery-
or supercapacitor-based ESS system, U, can be acquired for
implementing the state-of-charge-balancing control of batteries

and super capacitors [15]-[17].

B. Black Start of the OS-DAB DC-DC System

Under the TPSC strategy, fluctuations of capacitor voltages
are difficult to avoid, since the change of i/ , cannot be consistent
with the change of i, during startup process, and extra power
will be employed to charge capacitor voltages. To realize black
start of the OS-DAB dc—dc converter, a variant TPSC strategy
should be used, as shown in Fig. 4.

Different from the original TPSC strategy, 7, is employed as
a current feedforward control, and then, the load current can be
satisfied continuously during the startup process. Therefore, the
change of U,,, can be synchronized. When U*4. is reached,
Ugcy in TPSC scheme can be calculated as

Udcv — Udc‘ (10)

Based on (10), the variant TPSC scheme can be switched into
TPSC scheme smoothly.

C. Hot-Swap Process of the ESS Equipment

To repair or replace energy storage equipment such as the
battery and the super capacitor, the soft plug-in and plug-out
control of DAB module is crucial for the OS-DAB dc—dc con-
verter system. When the Sth ESS equipment is required to be
plugged out, the process is divided into two steps for plugging
out this source: first, controlling the corresponding capacitor
voltage close to zero, second, shorting out the corresponding
second-side H-bridge of corresponding DAB module. During
the first step, the capacitor voltage U,z should be reduced grad-
ually based on the TPSC scheme. When U, is smaller than the
limited value Uy, the switches of the second-side H-bridge
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Fig. 5. Current flowing condition when one DAB module is bypassed.

can be turned ON, and Uy ;s can be expressed as
(11)

where i 57 is current rating of employed switches and R, is the
corresponding conducting resistor. Then, this DAB module can
be bypassed, as shown in Fig. 5, and the corresponding energy
storage equipment can be taken down.

In addition, when a new energy storage equipment is to be
plugged in the OS-DAB dc—dc system again, the plug-in pro-
cess can be implemented by using TPSC strategy with the new
power sharing ratio for each DAB dc—dc module. Then, when
the desired power sharing performance is achieved, this energy
storage module can be plugged in completely.

Uy <ipamBon

D. Additional Applications of the TPSC Scheme

The basic operating principle of the proposed TPSC strategy
is the accurate compensation of the load current and the precise
adjustment of the capacitor voltages. Therefore, the relationship
of the transferred current and the control value of the dc—dc con-
verter module should be determined, such as in (4) for the DAB
dc—dc converter. Then, according to this principle, the proposed
method can be employed for the output-series dc—dc converter
system with ac-inductance-based converter module. For the ac-
inductance-based converter such as half-bridge dc—dc converter
[18], full bridge dc—dc converter [19], and three-phase DAB dc—
dc converter [20], the ac voltages are generated on both sides of
its inductance resulting in ac inductance current. Then, the trans-
ferred power and transferred current of this kind converter can
be determined by the control value in each switching period
directly [21]. For example, the transferred current ¢7p of full
bridge dc—dc converter system can be expressed as

(nUinr—Uor)Uinrd? (0 << Uor )

i Anp fr LrUor — nUinr
TF — 2
M _ _ UoF Uor
8np frLrp d(2 d) 8n3 Uinr frLF <nUinF <ps 1)

12)
where Uj,  is input voltage, ng is the transformer turn ratio,
fr is the switching frequency, L is the inductance, U, is the
output voltage, and d is the phase-shift ratio for the full bridge
dc—dc converter system. Each ¢ can be determined by a certain
phase-shift ratio d. Based on (12), d can be calculated by irp
and the TPSC strategy can be also implemented.
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TABLE I
CIRCUIT PARAMETERS OF THE OS-DAB DC-DC CONVERTER
Uint, Ui 30V
ny, ny 12
L 400 uH
Ly 200 uH
T, 0.1 ms
R 40Q or 56Q
Cor 1.0 mF,
Co 0.5 mF
U, 60V
Js 10kHz

I

Control board (DPS+FPGA)

Fig.6. Small-scale experimental platform for OSDAB dc—dc converter system
with two modules.
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Fig.7. Experimental results of startup process under different methods. (Uco1,

Uco2, and Uqgc: 15 V/div; i,: 0.5 A/div; time: 200 ms/div.) (a) VPI method.
(b) TPSC strategy. (c) Variant TPSC scheme.

III. EXPERIMENT VERIFICATION

An experiment platform for the OS-DAB dc—dc converter
system with two DAB modules is established to compare with
the voltage PI-based (VPI) method and the TPSC scheme, and
the main circuit parameters of the OS-DAB dc—dc converter are
illustrated in Table I. The corresponding experimental platform
is shown in Fig. 6.

When R is selected as 56 €2, Fig. 7 shows the startup process of
the OS-DAB dc—dc converter system under different strategies.
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Fig. 8. Experimental results under changes of the power sharing requirement.
(Uco1, Uco2, and Uqgc: 15 V/divs ip : 0.5 A/div; time: 1 s/div.) (a) VPI method.
(b) TPSC strategy.

As shown in Fig. 7, TPSC strategy can reach U* 4. in a short time
as 100 ms, compared with VPI method (200 ms) and variant
TPSC scheme (200 ms). Moreover, based on the variant TPSC
scheme, Ugc, Ugo1, and Uy can obtain their desired values
simultaneously, and the black-start performance of the OS-DAB
dc—dc converter can be implemented.

When R is set to 56 €2, Fig. 8 shows the experimental re-
sults under disturbances of power sharing coefficients. When
the power sharing requirement is set as Py : P35 =1:1, Ugp1
and U2 in steady-state condition should be stabilized at 30 and
30 V, respectively, and when output power of one DAB mod-
ule is required as double as the output power of the other DAB
module, its output voltage should also be twice the other’s out-
put voltage. As shown in Fig. 8(a), the disturbances of Uy, are
bigger than 2 V during the adjusting process of U.,1 and U,z
under VPI method, and the settling time of Uy, is about 400 ms
for a new power sharing performance. Moreover, based on the
TPSC strategy, Uq. can stay stable when adjusting U.,; and
Uco2 [see Fig. 8(b)].

When R is set to 56 €2, Fig. 9 shows the experimental re-
sults during plug-out and plug-in processes of the second DAB
module (representing the second ESS equipment). As shown
in Fig. 9(a), when the second DAB module is plugged out or
plugged in, the disturbance of Uy, is bigger than 4 V under VPI
method, and the settling time for both processes is greater than
100 ms. Moreover, as shown in Fig. 9(b), regardless of plug-out
process or plug-in process, Ug. can be maintained at its desired
using the presented TPSC strategy.
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Fig. 9. Experimental results during the hot swap process. (Uco1, Uco2, and
Uqc: 15 V/divy i, = 0.5 A/div; time: 1 s/div.) (a) VPI method. (b) TPSC strategy.
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strategy.

Fig. 10 shows experimental results of the OS-DAB dc—dc
converter under various load resistors between 40 and 56 2. As
shown in Fig. 10(a), disturbances of Uqc, Uo1, and U2 are
present under VPI method, and change in Uy, is close to 12 V.
Moreover, the settling time of Ugq, is about 200 ms. In addition,
based on the TPSC strategy, Uqgc, Uco1, and U,y are maintained
at their desired values under TPSC scheme [see Fig. 10(b)],
and the high robustness for the OS-DAB dc—dc converter can
be provided.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 10, OCTOBER 2019

IV. CONCLUSION

The OS-DAB dc—dc converter system is a promising option to
connect LVdc components and MVdc bus for de—dc system. In
this letter, a TPSC strategy is proposed for the OS-DAB dc—dc
converter system to deal with disturbance of load resistor, differ-
ent power sharing performances, and even plug-in and plug-out
requirements. Based on the proposed TPSC strategy, the con-
ducted studies are summarized as follows:

1) The flexible power sharing performance can be achieved,
and during the adjusting process of capacitor voltages, the
output-side total voltage can be kept stable.

2) With a simple variation, the TPSC strategy can implement
black-start performance for the OS-DAB dc—dc converter.

3) The plug-in and plug-out requirements can be satisfied,
and when one DAB module is plugged in or plugged out,
the output-side total voltage can stay unchanged.

4) The excellent dynamic responses under load resistor
change can be achieved, and the capacitor voltages and
the total voltage can also be maintained at their desired
values during disturbances in the load condition.

5) According to the operating principle, the TPSC strat-
egy can be employed for other output-series dc—
dc converter system with ac-inductance-based dc—dc
module.
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