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A Modular Multiport DC-DC Converter With MVDC
Integration for Multiple DC Units

Xiaoquan ZHU, Jintao HOU, Ke JIN, and Bo ZHANG

Abstract—This paper deals with a modular input-independent
output-series (IIOS) multiport dc power electronic transformer
(DCPET), which can interface with multiple dc units (such as PV
array, storage devices and dc loads) to the medium-voltage dc
(MVdc) bus directly without extra low-voltage dc (LVdc) convert-
ers. Therefore, the number of converters and the system expend
are greatly reduced and saved when compared with the conven-
tional dc distributed network. Due to the input power of these dc
units are different and the multiple modules are in serial connec-
tion on MVdec side, which will lead to the output voltage imbalance
between submodules (SMs). By inserting a single LC branch be-
tween adjacent SMs to transfer the differential power in the pro-
posed topology, SM output voltage mismatched problem can be
solved. Moreover, all SM power switches can realize zero voltage
switching (ZVS), which further ameliorates the system efficiency.
Finally, the above theoretical analysis is verified by simulation and
experimental results, and the proposed multiport PET can operate
stably in different working states.

Index Terms—DC distribution network, IIOS, modular dc-dc
converter, power balancing.

1. INTRODUCTION

TH the advanced development of power electronic
technologies and the vigorously exploitation of
renewable energy, the concept of multiple distributed energy
resources MVdc integration interface is becoming a research
hotspot in dc distributed network fields [1]. And the integration
of distributed photovoltaic energy into MVdc distribution
network is an important form of new energy grid connection in
the near future.

The traditional ac distribution network is undergoing
significant changes due to the increasing connection of variable
distributed dc units [2]. The use of a dc distribution network is
a promising option for integrating distributed renewable energy
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Fig. 1. DC distribution network with the traditional DCPET.

resources, storage devices and dc loads, which can improve
the transmission capacity and power conversion efficiency.
A typical traditional MVdc distribution network topology is
shown in Fig. 1, which includes two dc voltage buses (MVdc
bus and LVdc bus). The power electronic transformer (PET)
serves as a critical component, acting as a bridge between the
MVdc and LVdc buses. Different from the traditional large
volume, bulky weight and low-frequency transformers, PET
can operate at high-frequency and possess the function of
voltage level transformation, electrical isolation, fault handling
and power flow control [3].

In the medium voltage ac-ac topology architecture, cascaded
H-bridge modules can be used to connect different voltage
levels. The input stage, isolation stage and output stage
are typical structures of PET. In general, these three stages
mainly include cascaded H-bridge modules, dual active
bridge modules and three-phase inverter modules. Based on
the ac-ac PET topology, various PET topologies have been
proposed, such as: ac-ac PET [4]-[6] or hybrid PET [7]-[9],
where the LVdc bus uses the additional dc-dc conversion to
integrate distributed PV energy, dc loads and fuel cells. The
PET proposed by [10] includes three stages: MVac-MVdc
stage, MVdc-LVdc stage and LVdc-LVac stage. The MVdc-
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LVdc substructure realizes power conversion, long-distance
transmission capability and flexible power control, so it is also
called the dc power electronic transformer (DCPET).

For the case where the MVdc voltage level is not very high,
Ref. [11] proposes a medium-frequency PET to connect the
MVdc and LVdc buses. When the voltage level of MVdc is
higher than 10 kV, the PET based on input-parallel output-
series (IPOS) structure generally adopts multiple dc-dc
converter modules to establish the bus voltage level, which
can balance power flows, regulate bus voltages and has good
modular characteristics [12]. An extended-phase-shift control
strategy applied for the DAB-based DCPET has been proposed
in [13], [14] to diminish the backflow power and peak current
of each submodule (SM). A hybrid input-series output-parallel
(ISOP) PET structure is proposed in [15]-[17] to realize higher
conversion efficiency and voltage power regulation. When a
short-circuit fault occurs at MVdc bus of the ISOP converter,
Ref. [18] proposes a switched-capacitor-based PET to solve the
large discharge current. However, these topologies still require
extra LVdc converters to build connections between LVdc bus
and dc units (e.g., storage devices, PV arrays and dc loads).
Besides, when the dc units or LVdc bus occurs short-circuit
fault, the system will stop working in order to maintain the
safety of components in the converter system.

In [19], the basic theoretical concept of the MVdc
integration interface for multiple distributed photovoltaics
was proposed, and the input-independent output-series (IIOS)
architecture can be used to directly connect PV solar energy
to the MVdc bus [20]-[23]. Compared with I11OS structure
type, the additional LVdc converters in ISOP type increases
the power consumption and the number of active switches
[21]. However, in IOS structure, the different power of input
ports will lead to a deviation in the output voltage between
SMs. Then, the output power of each SM will be different
due to the voltage imbalance. To address this issue, Zhuang et
al. [22] proposes the adjacent secondary-side switches have
phase shifts to deliver the unbalance power, which requires
more regulators. In [23], [24], another method referred to as
the series resonant LC branch was utilized to solve the problem
without the complex control method. However, all input ports
in [20]-24] only connect the PV arrays is compromised when
other distributed dc units need to transfer power.

To address the above issue, this paper proposes a modular
multiport I[IOS dc-de converter, which can act as a DCPET for
the directly MVdc integration interface of multiple dc units,
as shown in Fig. 2. In the proposed converter architecture,
the distributed dc units can directly connect to MVdc bus
only through the proposed DCPET without extra LVdc bus
and LVdc converters. Meanwhile, the corresponding series
resonant LC branches are inserted between the adjacent SMs
to transfer the differential power and maintain the same voltage
between adjacent output capacitors. Finally, the configuration
of the converter and operation principle analysis is presented
in this paper, which has been verified by both simulation and
experiment results.
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Fig. 2. (a) The proposed DC distribution network with DCPET. (b) Structure
of proposed multiport modular DCPET.

II. ToroLOGY DESCRIPTION AND OPERATING PRINCIPLE

A. Topology Description

As shown in Fig. 2, the proposed IIOS converter contains
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both semi-dual-active-bridge (SDAB) and dual-active-
bridge (DAB) SM converters. Considering the cost and the
unidirectional power transmission of PV arrays and dc loads,
the SM output port of PV arrays and the SM input port of
dc loads adopt semi-active structure, as shown in Fig. 2(b),
respectively. Because the storage devices need to be charged
and discharged, so DAB SMs are selected as the first choice.
To reduce the complexity and cost of control scheme, single
phase shift (SPS) modulation is applied for the proposed
converter. In Fig. 2(b), the drive signals of S, , and S,,, in DAB
modules are the same, as well as for S,, and S;,. S, (= S,,)
and S,, (= S;,,) are complementary conducted. Complementary
drive signals for secondary side switches Q,, (= Q,,) and Q,,,
(= Qs,,). The duty cycle is fixed at 50% for all power switches.
The drive signals of SDAB modules are similar to those of
the DAB modules, except that the S;,, S,, and Q;,, Q,, are
replaced by diodes D;, and D,,, so that the control method
remains the same. All switches in the SMs can realize zero-
voltage-switching (ZVS), which can reduce the switching
power loss and improve the conversion efficiency.

B. Operating Principle

Fig. 3 shows the typical waveforms of SDAB modules and
its equivalent circuit diagrams in different operation modes. As
can be seen in Fig. 3(a), the circuit waveforms are symmetrical
in one complete switching cycle, and it has six working modes.
Therefore, the analysis process of the first three working
modes is presented in Fig. 3(b). In Mode 1, v,y is equal to
Vovi + Vaus Lisms begins to increase until the end of Mode 1.
When the current of i, reaches zero and its direction occurs
change, D;; and Q, , will be turn on in Mode 2. Since the upper
arm is conducting in the meantime, there is no current flow
through C, ;. Visms 1 equal to Vpyy, and ijgy, continues to
increase. In Mode 3, Q,, can be turned off, D, and Q,, flow
through currents. v, gy, equals to Vpy—Vays and iy, remains
unchanged. In this mode, C,,, starts charging and the PV
power transfers to MVdc bus by the SDAB modules.

The waveforms of igp,p, and ip,g, are shown in Fig. 3(a),
respectively. Their average values in one half cycle can be
derived as
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Then the expressions of power transferred by SDAB and
DAB modules can be obtained as
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According to (2), if SDAB and DAB modules desire
to output maximum power, dgy, should satisfy (3) in the
following.
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Fig. 3. (a) Typical waveforms of SDAB and DAB in the proposed converter.
(b) Equivalent circuits of different operating modes in SDAB module.
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C. Power Transmission of LC Branch

It can be seen from Fig. 2 that the LC branches are inserted
to transfer power between the adjacent SMs, so the power of
the kth LC branch (P,;) should satisfy

(St S+ (v @

i=1

where Pg),; denotes the power of the ith SM, and N represents
the number of all SMs. Then, it can be derived that

(N ) Z SM,i Z Fomi Q)

1 k+1

According to (3), for convenience of analysis, the rated input
power of each module can be estimated by Py, ; =Pgpap. When
the SM#k+1-SM#N all connect the dc loads, the maximum
value expression of P, can be calculated by

2(N-k)k ,

Bu==

SDAB max (6)

Taking the differential form of P, with respect to £, it can be
derived that

2(N -2k)

L

PSDAB,max d(k) (7)

Then, as can be seen from (7), the maximum value of P,
appears when k = N/2. Therefore, the maximum power of the
kth LC branch can be obtained as

2
Pr,k,max = N PSDAB,max (8)

D. Control Strategy of LC Branch

In order to realize modular standard design, the output
voltage of all SMs need to be made consistent through control
strategies. The secondary side switches use 50% duty cycle
open-loop control scheme to produce identical square wave
voltages at both terminals of the serial LC branches, thus
having the function of an ideal transformer. The series LC
resonant power balance unit embedded in this manner can
achieve 1:1 transformer conversion, so as to realize the same
output capacitor voltage between adjacent SMs. The resonant
current and voltage waveforms of C, are shown in Fig. 3(a) on
the basis of theoretical analysis. Based on Fig. 4, the detailed
analysis of the voltage balancing capability and power delivery
mechanism is described as follows.

As can be seen Fig. 4(a), the LC branch#k (LCB#k)
connected the bridge legs of SM#k and SM#k+1, so the
terminal voltages of Q,, and Qs,,, act as the ac-terminal
voltages of LCB#k. The ac-component equivalent model
of LCB#k with various power transmission directions is
constructed, as shown in Fig. 4(b) and (c), respectively. When
the driving signals of Q;; and Q;., arrive, the power flow from
Coutz 10 Coyrir- Voagae a0d Vo344, TEpresent the ac-component
of vou; and v, respectively, as presented in Fig. 4(b). In
Fig. 4(c), Q,, and Q,,, are turned on and the power starts to
transfer from C,, ;. to Cy 1 Where Vos s and vy, Tepresent

(b) ©

Fig. 4. Equivalent circuit and power flow model of LCB#k. (a) Equivalent
circuit, (b) forward power flow model and (c) reversed power flow model.

the ac-component of v, ., and vy, respectively. Due to the
resonant capacitor dealing with the dc voltage components
of O, and O;.,, so the amplitudes of vy, and vy, ., are
Voma/2 and Vg 4i1/2. R, represents the equivalent resistance of
the imbalance power P, at the ac side, it can be expressed as

Wk
R, = :
T ©)

Therefore, based on the equivalent model of series resonant
circuit, the conversion gain M, expression of output capacitor
voltage between adjacent SMs can be obtained as

Vomu !

= 10
Vm.it \/1+Q2 (fs/fr,k_fr,/c/fs )2 (1o
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where f; is the switching frequency, f;, is the resonant frequency
of LC branch, and Q represents the quality factor of resonant
circuit. It can be found from (10) and (11) that the voltage
balance effect is mainly affected by resonance parameters,
switching frequency and imbalanced power. Based on the
voltage gain expression obtained in (10), when Q is taken
as certain values, the changes of voltage gain M, versus f/f;,
are shown in Fig. 5. As can be seen from Fig. 5, when f/f;, is
taken as certain values, it can be found that the voltage gain
M. increases as Q decreases. Therefore, O should be properly
designed small enough.

E. Control Strategy of SM and Operation States

For the proposed modular IIOS converter, different dc
units have different controllers. In Fig. 6, the PV arrays adopt
maximum power point control (MPPT) strategy, and the output
of the controller is denoted as dg,,v. The storage devices adopt
constant current (CC) control scheme, and the output of this
controller is denoted as dgyp,. The dc loads adopt constant
voltage (CV) control scheme, and the output of the controller is
denoted as dgy; .- Moreover, in order to guarantee the MVdc
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Fig. 6. The block diagrams of control strategy. (a) MPPT control, (b) CC
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bus voltage constant after the IIOS converter is disconnected
from MVdc bus, a constant bus voltage (CBV) control strategy
is also designed for storage devices and PV arrays, and the
output of this controller is denoted as dgy .

Fig. 7 shows the six main operating states of the proposed
three-SM DCPET, where SM#1 is connected to PV array,
SM#2 is connected to storage device and SM#3 connects a dc
load. When the DCPET is connected to MVdc grid, the storage
device does not participate in system operation as a backup
power supply. When the DCPET is disconnected from grid, the
PV array and storage device jointly work together to maintain
the MVdc bus voltage and SM output power balance. Defining
P, as the power of the PV array, Py, as the power of the
storage device, P, 4 as the power of dc load and Py, as the dc
grid power. The operating states can be described as:

State A: Ppy = P t Pgig- SM#1 uses MPPT control
method to transmit power to SM#3, and its excess power is
transferred to the MVdc grid. While, SM#2 is disconnected.

State B: Ppy + Pgig = Proas- SM#1 maintains the MPPT
control unchanged. And the system requires MVdc grid to

-

Istorage
MVde | decive
grid |

Is.omgc
rlcclvc

|Storage
MVdc | decive
grid |

Load increases or PV power decreases

Fig. 7. The six main working states of the proposed three-SM MDCPET.

supplement the appropriate power to SM#3 as the dc load
power increases or the PV array decreases due to external
conditions.

State C: Ppy + Pgriq = Proa + Prae- SM#1 and MVdc grid
supply power to both SM#2 and SM#3, while SM#1 is still
controlled by MPPT control and SM#2 is controlled by cc
control strategy. When the storage device is fully charged and
disconnected from the interface, operating state C switches to
state B.

State D: Ppy + Ppyy = Proag- DCPET is disconnected from
the MVdc grid, and the power in DCPET is transmitted
among various SMs while the MVdc bus voltage still remains
constant. SM#2 acts as a bridge to control the power balance.
When the power generated by SM#1 is insufficient to maintain
the normal operation of SM#3, SM#2 is discharged to provide
balanced power. Then, SM#1 continues to be controlled by
MPPT, SM#2 is controlled by CBV. When the DCPET is
connected to the MVdc grid, SM#2 needs to charge the storage
device, thus SM#2 switches from CBV control to CC control.
And the operating state D switches to state C.

State E: Ppy = P, The proposed DCPET is disconnected
from the MVdc grid, the storage device is disconnected after it
has been fully charged, the output power of SM#1 only meets
SM#3, therefore SM#1 uses CBV control instead of MPPT
control to maintain the CBV. When the DCPET is connected to
the MVdc grid, state E switches to state A.

State F: Ppy = Py T Proa- SM#1 output power reaches
maximum value, the load port is connected to a purely resistive
load and the excess power is charged to the storage device.
Operating state D will change to state F. SM#1 uses MPPT
control to achieve maximum output power, the bus voltage is
maintained by SM#2 under CBV control strategy. After storage
device has been fully charged, state F switches to state E.

III. PARAMETER DESIGN GUIDELINE

A. SM Leakage Inductance Design

The transformer leakage inductance Lg, is the key SM
parameter, and its value determines the power-transmission
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TABLE I
PAEAMETERS FOR SIMULATION AND EXPERIMENTS

Parameters Simulation Experiment
PV array/DC sources parameters
Open circuit voltage 363V --
Voltage at MPP 31V .
Current at MPP 6.6 A -
Maximum solar power of
one single PV subarray 204.6 W -
No. of series module 13 --
No. of parallel module 6 --
Nominal voltage 403V 48V
Rate power 16 kW 288 W
Battery parameters
Cut off voltage 276V --
Fully charged voltage 428V 50V
Rated capacity 40 AH 16 AH
Battery response time 30s -
Loads parameters
Resistor 10Q2,10Q 12Q,6Q
Nominal voltage 400V 48V
Rated power 16 kW 384 W
SM parameters
Switching frequency ( f;) 20kHz 10kHz
Leakage inductance (Lsw) 10 uH 40 uH
Turn ratio of transformer 1:1 1:1
LCB parameters
Reasonant inductance (L,) 6.5 uH 13 uH
Reasonant capacitance (C,) 10 uF 20 uF

ability of the SMs. The output maximum power of SDAB and
DAB modules is obtained by (3), so it can be known that the
range of L, can be derived as

VSDAB VSM
1 Ofs PSDAB,max

L < VDAB VSM
SM,DAB = SFP
fs DAB,max

Loy spas =

(12)

In order to realize the non-error balance of SM output
voltage, based on the analysis in Section II, the resonant
frequency f; should be set close to the switching frequency f;,

fo=12m L JCok = 1, (13)

Then by substituting (8), (9) and (11) into (13), the resonant
frequency f; is calculated as

f: 1 _ T[Pr,k <nPr,k,max (14)
o 2Ly /Crx A0Vems  4QVemx

In addition, when the operating frequency deviates from
resonant frequency of LC branch, the characteristic impedance
Z, should be large, then it has high harmonic suppression
ability. Based on above analysis, the selected resonant inductor
L., and resonant capacitor C,, should ensure that (14) is
established.

IV. SIMULATION AND EXPERIMENTAL VEVRIFICATIONS

A. Simulation Results

Based on Fig. 2, the three-SM circuit simulation model
of the proposed DCPET is built on the MATLAB/Simulink
platform. The simulation step is set at 100 ns and the simulation
parameters of the DCPET are listed as in Table 1.

Fig. 8(a) shows the simulation results when DCPET works
in on-grid. When 0 < ¢ < 0.6 s, the DCPET works in state C, the
input current i;,,1 of SM#1 is 30 A, the output current (—,,) of
SM#2 is 10 A, and the output current (-i,5) of SM#3 is 40 A.
The power of SM#1 is about 30 A x 400 V = 12 kW, the power
of the storage device is about 10 A x 400 V =4 kW, and the
power of SM#3 is about 40 A % 400 V = 16 kW. The power
of the grid is 12 kW -4 kW - 16 kW = -8 kW, so the current
of the grid should be 8 kW/1200 V = -6.7 A. Therefore, the
simulation result of the grid current ibus is about -6.7 A. When
t = 1.4 s, the storage device does not work. At this time, the
current of the grid should be -4 kW/1200 V =-3.7 A, and the
DCPET is switched from state C to B. When ¢ =1.4 s, the dc
load current changes to 20 A, and the power of dc load is less
than the power of SM#1. At this time, the grid power is 12 kW
-8 kW =4 kW and the grid current should be 4 kW/1200 V =
3.3 A. Therefore, the additional power is transferred to MVdc
grid, the grid current is changed from -3.7 A to 3.2 A, and
DCPET is switched from state B to A.

Fig. 8(b) shows the simulation results when the proposed
DCPET works in off-grid. When 0 < ¢ < 0.6 s, the DCPET
works in state A, the input current of SM#1 is 40 A, SM#2 is
disconnected, and the output current of SM#3 is 20 A. The
input power of PV is about 40 A x 400 V = 16 kW, and the
power of the dc load is about 20 A x 400 V = 8 kW. The power
of the grid is 16 kW - 8 kW = 8 kW, so the current of the
grid is about 8 kW/1200 V = 6.7 A. Therefore, with the power
loss considered, SM#1 provides 5.5 A current to the grid.
When ¢ = 0.6 s, the storage device is connected and the grid is
disconnected. The power of the storage device is about 19 A x
400 V = 7.6 kW. At this time, SM#1 supplies energy to SM#2
and SM#3, and the DCPET is switched from state A to state F.
When ¢= 1.4 s, the storage device is disconnected, the PV array
current changes to 20 A, SM#1 is responsible for transmitting
power to SM#3, and the DCPET is switched from state F—E.

From these simulation results in Fig. 8, it can be found
that when the working state changes, the input and output
port voltage v,, and v,,, of each SM is still 400 V, and the
bus voltage v,,, is maintained at about 1200 V. Considering
the power loss, the power of each SM is conserved in each
working state. When the working state changes or DCPET is
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Fig. 9. Down-scaled experimental hardware prototype.

disconnected from the dc grid, the voltage of the MVdc grid
and all input ports can still remain stable due to the adjustment
of the control strategies of the PV array and the storage device.
Therefore, from the above simulation results it can be verified
that the proposed DCPET can improve the energy utilization
rate and the reliability of the whole converter system.

B. Experimental Verification

To verify the proposed DCPET, as shown in Fig. 9, a down-
scaled experimental prototype with three SMs and a dc bus

1200
1000

10
0’ 55A
-10
0 02 04 06 08 1
1(s)

()

Y104V

0A

ibns(A) vbus(V) vout,S(V) vnut,Z(V) vollt,l(V)

1.2 14 16 18 2

Simulation results when the proposed DCPET works in steady state. (a) States C—B—A. (b) States A—F—E.

TABLE II
DoWNSCALED EXPERIMENTAL PARAMETERS

Equipment Specification

(1) PV source A dc source with constant Chroma 62180H-
voltage 1800S

(2) Storage Lithium-ion battery 44.4V/22 Ah/20C

(3) Load A dc electronic load Chroma63202

(4) De bus A dc source with constant gil;?srtrz):::62150H—6OOS

voltage RXG20-1000W-50R

144 V was built for demonstrating the theoretical analysis. The
detailed parameters of the prototype are listed in Table I and
the other specifications can be found in Table II. The prototype
mainly includes a dc source (Chroma62180H-1800S), all
SM converters and LC power balance units, a DSP controller
(TMS320F28335), a CV load (Chroma63202), and an output
dc source (Chroma62150H-600S). Due to the limitation of
experimental conditions, SM#1 input port is connected to
a 48 V dc source in the experiment. The MPPT control is
simplified to constant power control, and a 144 V CV dc source
is used to simulate the dc bus. A resistor R, can be adopted to
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StateC State B ~ State A
TS SUNE SRR SN SO S .
DC source 48 V
Batterysasv | -M
| »MIZ \%
nt 2 vi“,3
DC load 48 V << 25 Vidiv
s [ 500 ms/div]
(a)
DC source 48 V |
== = ¥ ’ |
Battery 48 V :
DCload 48 V ! ! Vous
i 25 V/div
i [ 500 ms/div]
(b)
DC source 5.2 A .
) oA A
s
Battery -3 A
P i !
_ -4A Loy
DC load -7.5A ‘ 5 A/div
[ 500 ms/div]
(c)
DC grid 144 V !
50 V/div
1 [ 500 ms/div]
(d)

Fig. 10. Experimental waveforms when the DCPET works in state C—B—A.
The dc grid sends out the balance power in state C and B and absorbs the
excess power in state A. (a)vi, 1, Vig2, a0d Vi 3. (D)o 1, Vourzs AN Vs (C)iin s finas
and i, 5. (d)iy,, and vy,

consume the power in order to guarantee that the dc source can
output power.

Fig.10 shows the experimental results when the proposed
DCPET works in state C, state B, and state A. When ¢ < 1,, the
DCPET works in state C, the input current of SM#1 is about
5.2 A, the output current of SM#2 is about 3 A, and the output

State F ‘ State E State A
: "'
DC source 48 V
DC load 48 V
L [ 500 ms/div]
(a)
DC source 50 V ‘ 48V !
E L *Battery 50V 48V |
DCload50V 43V
* [ 500 ms/div]
(b)
A t
DC source 7.2 A 52A SA
(Battery 224 0A  0A
]
-
[ 500 ms/div]
(©)
DC grid 0 A 1
DC grid 150 V 144V
[ 500 ms/div]

()

Fig. 11. Experimental results when the DCPET works in state F>E—A.The
PV array or battery provides the balance of power in state F and E.The dc grid
voltage can be kept stable when the working state is changed.(a)v,, ;, Vi,,, and
Vins (0)Vout> Vouzs A0 Vo3 ()i 15 i @A iy 5. ()i AN Ve

current of SM#3 is about 7.5 A. The power of SM#1 is about
52 A x 48V =249.6 W, the power of storage device is about
3 A% 48V =144 W, and the power of SM#3 is about 7.5 A x
48 V =360 W. The power of the dc grid is 249.6 W - 144 W -
360 W =-254.4 W, so the current of the grid is about - 254.4
W/144 V = -1.8 A. At ¢,, the storage device is charged fully
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State D State F
:
DC source 48 V 7
L 3
[ 500 ms/div]
(@)
DC source 48 V 46V
ST YN . ——
DC load 42 V 42V
L
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(b)
DC source 2.7 A
24 -15A
* DC load -4 A -4A
[ 500 ms/div]
(©
DC grid 134 V “132V !
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()

Fig. 12. Steady-state waveforms when DCPET is switched from state D to F.
The bus voltage is established by the storage device in these two states.(a)vy, .
Vin2s and Vin3- (b)"om,h Vout,2» and Vout,3+ (c)im,lﬂ [N and I3 (d)ipys and vy

and the current of SM#2 becomes zero. But the output power
of SM#1 still is satisfied with the power of the dc load, the
grid current should be 110.4 W/144 V = -0.8A. At t,, the load
resistance is changed from 6 Q to 12 Q, the consuming power
is 48 V x 4 A=192 W. Then, the power of SM#1is larger than
the dc load power, the dc grid can provide about 249.6 W —
192 W = 57.6 W power. And the measured grid input current

LCB#1

<’| Vs a4
10 V/div
A vCr,l
X 40 V/div
;-\/\_/\_/\/ Lo
40 A/div

[40 ps/div]

()

LCB#2

Vas 4
10 V/div
— = vCr,Z
e 40 V/div

.\/-\_/_\\N lCr.Z

40 A/div
[40 ps/div]

(b)

Fig. 13. Key experimental waveforms of LC branches when DCPET works
in state C. (a) LCB#1 and (b) LCB#2.

is about 0.2 A under the consideration of parasitic parameters.
Moreover, the input and output voltages of each SM can be
kept stable in these three states. Therefore, the experimental
results indicate that the proposed DCPET converter has good
voltage balance characteristic.

When the proposed DCPET works in states F, E, and A, the
corresponding experimental results are presented in Fig. 11.
As can be seen from Fig. 11, the DCPET starts to work in off-
grid condition. SM#1 provides about 7.2 A x 48 V =345.6 W
power. The power of SM#3 is about 4 A X 48 V =-192 W.
The excess power (345.6 W - 192 W = 153.6 W) is transferred
to the battery, and i, , should be 153.6/48 = 3.2 A. With the
power loss considered, the battery current is measured about
2A. At t,, the storage device finished the process of charging
and the power of SM#1 is larger than the power of SM#3.
Therefore, the CC control of SM#1 can be switched to the
constant bus control. And the current of SM#1 decreases from
7.2 Ato 5.2 A. Att,, the DCPET is connected to the dc grid due
to the contactor 7; is closed. The current of the dc grid begins
to appear and its voltage is decreased from 150 V to 144 V.

Fig. 12 shows the experimental waveforms of the CV
control method corresponding to state D and state F. It can be
seen from Fig. 12 that the power generated from SM#1 is less
than the dc load, so the battery provides 2 A x 48 V =96 W of
power to balance the bus voltage. At £, the current reference of
SM#1 is increased to 6.5 A. Therefore, the battery starts to be
charged instead of discharging in order to maintain the system
power balance.

Fig. 13 shows the driving signal waveforms of switch Q,
on secondary side bridge arm, voltage and current waveforms
of resonant capacitor in these two LC branches when DCPET
works in state C. Since SM#1 needs to send power to SM#2
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source voltage v, waveforms of switches S,, and Q,; in

Fig. 16. ZVS waveforms of primary and secondary side power switches of
DAB SM converter under different load conditions.(a) Light load (10%), (b)
half load and (c) full load.

SM#1, and switches S, , and Q, , in SM#2. It can be seen from
the waveforms in Fig. 14 that the vj,g of these switches have
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Fig. 17. ZVS waveforms of primary and secondary side power switches of
SDAB SM converter under different load conditions. (a) Light load (10%), (b)
half load and (c) full load.
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Fig. 18. The experimental efficiency of DAB and SDAB SMs under different
input power conditions.

been reduced from 48 V to 0 V when v begins to rise. Thus,
the ZVS of all switches can be realized obviously. Fig. 15(a)
shows the driving signal voltage vs waveforms of switches S,
and Q,, the leakage inductance voltage v; g\, and current 7,qy,
waveforms of the transformer when SM#1 is in steady-state
operation. Fig. 15 (b) shows the driving voltage v, waveforms
of switches S, and Q,, the leakage inductance voltage v;gy»
and current iy, waveforms of the transformer when SM#2
operates in steady state, which are also in good agreement with
the simulation waveforms.

Moreover, the ZVS experimental waveforms of DAB and
SDAB SM converters in the proposed modular multiport
DCPET converter under different load conditions are measured
and presented in Figs. 16 and 17, respectively. From these
experimental waveforms in Figs. 16 and 17, it can be found that
all switches on primary and secondary sides of the proposed
DCPET converter can achieve zero-voltage switching within
the full load range. In addition, the experimental efficiency of
DAB and SDAB SM under different input power are measured
and presented in Fig. 18, respectively, when they all work in
the fully ZVS condition. From this figure, one can find that the
experimental efficiency of each SM converter is higher than
93%, which can be further improved by using wide band-gap
semiconductor devices.

V. CONCLUSION

A modular multiport DCPET converter has been proposed
and analyzed in this paper, which can directly interface with
multiple dc units, such as PV arrays, storage devices, and dc
loads, without the requirement of extra LVdc bus or LVdc
converters. Thus, the proposed method can significantly reduce
system expenditure and volume. In addition, by applying the
proposed control strategy and the IIOS architecture, all power
switches can realize ZVS, and voltage balance can also be
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achieved among each SM. Therefore, the proposed DCPET
converter would be suitable for the MVdc distribution network
fields.
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