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Full-Process Operation, Control, and Experiments of
Modular High-Frequency-Link DC Transformer
Based on Dual Active Bridge for Flexible
MVDC Distribution: A Practical Tutorial

Biao Zhao, Member, IEEE, Qiang Song, Member, IEEE, Jianguo Li, Qianhao Sun, and Wenhua Liu

Abstract—DC transformer (DCT) will be the key device for
medium-voltage dc (MVDC) power distribution system. This pa-
per gives a practical tutorial on full-process operation, control,
and experiments for application of DCT based on dual active
bridge in flexible MVDC distribution system. The operation of
DCT for MVDC distribution is designed to three modes: MVDC,
low-voltage dc (LVDC), and power control modes. Three optimal
modulation methods during startup, steady, and transient pro-
cesses are proposed which can reduce current impact in practice.
A full-process control strategy during operation state is proposed to
achieve flexible control and fast management of voltage and power
in MVDC distribution system, especially an optimal balance con-
trol during block process is proposed to reduce power losses. On
this basis, a fault-handling solution is proposed to improve reliabil-
ity of DCT in practice, and a hardware design method is proposed
to enhance flexibility and modularity. Finally, an industrial proto-
type is built, and comprehensive experiments verify the validity and
effectiveness of the proposed solution. The practical application of
DCT in MVDC distribution are expected, and the exploration of
this study could provide valuable references for the practical DCT
design.

Index Terms—DC microgrid, dc power distribution, dc trans-
former (DCT), dc transmission, dual active bridge, high-frequency
(HF) link, medium-voltage dc (MVDC), solid-state transformer.

I. INTRODUCTION

OMPARED with dc power transmission, dc power distri-
bution is gradually attracting the attention of researchers
in recent years. However, many concepts are still in the ex-
ploratory stage [1], [2]. In dc power distribution, most of studies
focuses on low-voltage dc (LVDC) microgrid, and the medium-
voltage distribution grid usually focuses on the ac grid [3]-[7].

Manuscript received April 6, 2016; revised June 22, 2016 and September 5,
2016; accepted November 1, 2016. Date of publication November 14, 2016;
date of current version April 24, 2017. This work was supported by the National
Natural Science Foundation of China under Grant 51507089. Recommended
for publication by Associate Editor M. Ordonez. (Corresponding author: Qiang
Song.)

B. Zhao, Q. Song, Q. Sun, and W. Liu are with the Department of
Electrical Engineering, Tsinghua University, Beijing 100084, China (e-mail:
zhaobiao112904829 @ 126.com; songgiang @tsinghua.edu.cn; sxsunqianhao@
163.com; liuwenh@tsinghua.edu.cn).

J. Li is with the North China Electric Power University, Beijing 102206,
China (e-mail: lijianguo@tsinghua.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2016.2626262

To date, flexible HVDC (VSC-HVDC) transmission is being
rapidly developed, turning medium-voltage dc (MVDC) distri-
bution network into a reality [8]-[10]. In this context, dc for
MVDC distribution will further promote the development of
HVDC transmission and LVDC microgrid, eventually resulting
in considerable amount of technical advantages.

Fig. 1 shows a demonstration scheme for flexible MVDC
power distribution system in China. The application directions
of the project are centered on the following: 1) improving the
reliability of power supply; 2) improving power quality; 3) in-
teraction of distributed generation and storage battery; and 4)
interface of sensitive ac loads and dc loads. A dc transformer
(DCT) is necessary to achieve voltage conversion, flexible power
management, and electrical isolation between MVDC distribu-
tion bus and LVDC microgrid bus [11], [12].

In reality, realizing power conversion in MVDC distribution
through the use of simple magnetic transformer, which is widely
used in ac distribution, is difficult [13]; it especially requires
power electronics technology. In LV applications, dc—dc con-
verters are widely used. Moreover, many literatures discussed
isolated bidirectional dc—dc converters (IBDCs), which are very
important in achieving electrical isolation [14]-[20]. These con-
verters can be used to access dc loads, energy storage systems,
and distributed generations in dc microgrids. However, these
converters fail to serve as permanent interfaces between MVDC
distribution bus and LVDC microgrid.

Moreover, many literatures have investigated various multi-
ple dc—dc converters to increase voltage/power level [21]-[23],
but primarily focusing on unidirectional dc—dc converters. The
target objects are usually buck/boost circuits or isolated dc—
dc converters (the input bridge is an active-controlled inverter
and output bridge is a noncontrolled rectifier), and the output
voltage of these converters is controlled by the duty ratio of
switches. These types of dc converters cannot meet the applica-
tion requirements of DCT in flexible MVDC distribution, such
as bidirectional power flow, electrical isolation, high-power ap-
plication, etc.

On this basis, some literatures also discussed multiple IBDCs
[24], [25]. Three existing IBDC topologies, dual-half-bridge,
dual-active-bridge (DAB), and series resonant converters were
analyzed and compared [24]. Owing to its advantages, such
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Fig. 1. Demonstration scheme for flexible MVDC distribution system.

as ease of realizing soft switching, capability for bidirectional
power transfer, high power density, and modular and symmetric
structure, DAB is the most suitable converter cell and can be
used as base cell for DCT. On this basis, an introduction about
the small-signal model of the multiple DAB was presented
[25], but further studies (such as operation principle, control,
design, and experiments) of multiple DABs used in DCT were
not concerned.

For flexible ac power distribution, solid-state transformer
(SST) is a good solution to connect MV and LV ac grid by us-
ing power electronic technology [26]-[29]. However, because
the dc power distribution concept has only been focused for a
short period of time, the world-wide research regarding SSTs
is mainly focused on the ac SST. Although DAB-based dc—dc
conversion also exists in ac SST, even the DAB-based ac SST
prototype with several kilovolts was reported in literatures, but
the operation, control, and fault performance are very different
with DCT in flexible MVDC distribution. Moreover, although
some literatures have discussed the DCT based on DAB in
MVDOC distribution, all of them focused only on one aspect, and
the content is insufficient. In particular, issues on full-process
operation, control and fault management, and experiments
when DCT is applied in flexible MVDC distribution are never
investigated.

In view of the situation mentioned earlier, this paper will pro-
vide a practical tutorial on the full-process operation, control,
and experiments of DCT based on DAB in flexible MVDC dis-
tribution system. The paper is organized as follows. Section II
provides discussion on the operation requirements for flexible
MVDC power distribution and gives operation mode design
of DCT. Section III presents three optimal modulations during
startup, steady, and transient processes. Section IV analyzes the
stability of balance control and presents a full-process control
strategy during operation process. Section V discusses voltage
balance issue of DCT during block process and provides an
optimal solution in practice. Section VI gives a fault-handling
solution for DCT. Section VII gives a practical parameter and
hardware design method. Section VIII and IX present compre-
hensive simulations and experiments of DCT in MVDC distri-
bution system.
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Fig. 2. Possible operation ways of MVDC distribution system.

II. FULL-PROCESS OPTIMAL OPERATION OF DCT FOR
FLEXIBLE MVDC DISTRIBUTION APPLICATION

A. Flexible Operation of MVDC Distribution System

In traditional ac distribution, an ac magnetic transformer just
needs to achieve voltage conversion, which is determined by
turn ratio, and power flow is passively determined by the load.
By contrast, in flexible MVDC distribution system, different
kinds of power electronic converters and distributed sources
exist, as shown in Fig. 1, and the system structure can be
changed into different forms according to different operational
requirements.

Fig. 2 shows several possible operation ways of MVDC dis-
tribution system. When all of the components are normal, the
system will operate in double VSC supply way. When a VSC
breaks down and another VSC works normally, the system will
operate in single VSC supply way. For both single and double
VSC supply ways, the VSCs are the main converters to control
the MVDC distribution grid, whereas the DCTs are the main
converters to control LVDC microgrid. In addition, when only
one ac grid breaks down, the system can work in power support
way, where the DCTs still control the LVDC microgrid. When
two ac grids or two VSCs break down, the system will shift to
the island operation, where the DCTs are the main converters
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Fig. 3.

to control MVDC distribution grid, whereas the VSCs are the
main converters to control MVAC distribution grid.

There are also other operation ways which are not depicted
in Fig. 2. However, no matter how to define the operation ways
in flexible MVDC distribution system, the voltage and power
of DCT in the flexible MVDC distribution system should be
controlled actively to access various buses or distributed sources
with different voltage levels.

B. Full-Process Operation Mode of DCT

According to the flexible operation requirements in MVDC
distribution system, the full-process operation of DCT is de-
signed to three modes: MVDC control, LVDC control, and
power control modes, as shown in Fig. 3.

1) Mode I: MVDC Control Mode: In the MVDC control
mode, the LVDC bus is controlled by the LVDC microgrid or
by the dc voltage source. The MVDC bus is controlled by DCT.
The amplitude and direction of the whole power of DCT is
passively determined by the system in the MVDC side.

2) Mode II: LVDC Control Mode: In the LVDC control
mode, the MVDC bus is controlled by the MVDC distribution
grid, whereas the LVDC bus is controlled by DCT. Moreover,
DCT must control the voltage sharing of each DAB cell in the
series side, as well as the power sharing in the parallel side;
the amplitude and direction of the whole power of DCT are
passively determined by the load in the LVDC side.

3) Mode 1II: Power Control Mode: In the power control
mode, both the MVDC and LVDC buses are controlled by dc
distribution grid and dc microgrid, and the amplitude and di-
rection of the whole power are actively controlled by DCT.
Moreover, DCT must control the voltage sharing of each DAB
cell in the series side and the power sharing in the parallel side.

It needs to be pointed out that the power flow of DCT in all
of the aforementioned modes can be operated in either forward
or reverse directions. Based on the earlier design, DCT not
only achieves voltage conversion and electric isolation between
different dc buses but also actively controls voltage, current, and
power in MVDC distribution system.

C. Dual-Active Phase-Shift Operation Principle of DCT

The DCT in Fig. 1 is composed of multiple identical DABs
connected in parallel to the LVDC bus and in series to the
MVDC bus. The cell number of the DCT differed between dc
buses with different voltage and power levels. In DCT, using a
high-frequency (HF) transformer instead of a traditional line-
frequency (LF) transformer allowed the DCT to achieve small
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Full-process operation mode design. (a) MVDC control mode. (b) LVDC control mode. (c) Power control mode.
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Fig. 4. Dual-active phase-shift principle of DCT.
volume, lightweight, low cost, and little noise. The modularity
is also increased.

In DCT, all DABs operate under the same principle, as shown
in Fig. 4. Similar to the operation principle of power transmis-
sion in traditional ac systems, the direction and magnitude of
inductor current 71 ; can be changed by adjusting the phase shift
between ac output square wave voltages vy;; and wvyio of full
bridges, which can control the direction of power flow and mag-
nitude of DAB in DCT. The difference is that the voltages on
both sides of the inductor in traditional ac power system are LF
sinusoidal waves whereas HF square waves in DAB.

It needs to point out that the power flow in DCT is bidirec-
tional, and the concept of input and output sides, which are used
in traditional multiple dc—dc converter as presented in previous
literatures, are not used in this paper; rather, we define them as
MVDC and LVDC sides, respectively.

In Fig. 4, L is the sum of transformer leakage inductance and
the auxiliary inductor; Vyry and Viy are MVDC and LVDC bus
voltages, respectively; Iyryi and Iry; are average currents on
MVDC and LVDC sides, respectively; Vi /Via and Iy /Lo are
the average voltages and currents on MVDC and LVDC sides,
respectively; P;is the transmission power of each DAB cell;
vpi1 and vyjo are ac output voltages of H-bridges; ir,; is the ac
current; T is a half switching period; and ¢ =1, 2, 3, ..., n.

III. FULL-PROCESS OPTIMAL MODULATION

The dual-active phase-shift power transmission principle of
DCT is introduced in Section II-C. However, some issues are
noted when the theoretical methods are applied in practice,
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Fig. 5. Optimal modulation method for DCT during startup process. (a) Theoretical modulation. (b) Practical optimal modulation.
VK Vhil § Vhi2 Vi Vhil Vhiz
| . t/ Rl
Iy s
[ = o b _1(_m_a_x ILi Imax ; ]max
L—Nl" "
- X —A / > mp K ~ ] ‘i")
. 12 il 2
ackflopw Cdmjpensation for » |« | + > -
powerl gkflow poter | |
- | L
(a) (b)
Fig. 6. Optimal modulation method for DCT during steady process. (a) Theoretical modulation. (b) Practical optimal modulation.

and thus these methods can be further improved. This section
presents several practical optimal modulation methods to im-
prove the performance of DCT under different processes.

A. Optimal Modulation During Startup Process

During startup process, the dc terminal voltage in the control
side is not established and is very low. If we still employ the
steady-state modulation strategy, a high current impact will oc-
cur, which may destroy power devices, as shown in Fig. 5(a), in
which LVDC voltage control mode is used as example.

Given that the LVDC voltage is zero during the first switching
period, the current impact I, can be derived as

Vit
Imax = _/TIS'
I i

ey

To reduce the current impact, a soft startup modulation is
proposed in Fig. 5(b). During startup process, all of the switches
of H-bridges in the LVDC side are turned off, which operate as
uncontrolled rectifiers; all of the switches of H-bridges in the
HVDC side are enabled, which operate as inverters; however,
large inner phase-shift ratios D, for H;; exist and generate
square waves with small duty ratio. Then, the current impact
I} . can be derived as

II/nax = %(1 - DO)Ths < Imax
where 0 < Dy < 1 is the inner phase-shift ratio which takes half
switching period as one unit.

Because the inner phase-shift ratio Dy is usually designed to
be sufficiently large, the duty ratio is considerably small, and
even the dc terminal voltage in the control side is not established
at the beginning, the overcurrent can be avoided. After the dc
terminal voltage in control side is established, the soft startup
process is terminated, the switches in the LVDC side are enabled,
and the system shifts to steady-state process.

2

To speed up the startup process, we can gradually increase the
inner phase-shift ratios as the increase of the dc terminal voltage.
However, the increasing speed should be adjusted to ensure
that the charging current is lower than the current threshold of
power devices. In addition, during startup process, the closed-
loop control should be disabled, and the outer phase-shift ratio
should be zero to reduce the impact current when the system
shifts from startup to steady-state process.

In the MVDC voltage control mode, we only need to inter-
change the switching states of H;; and H;,. In the power voltage
control mode, because both the MVDC and LVDC sides are
provided by external sources, the steady-state modulation strat-
egy, which does not demonstrate current impact, can be used
during the startup process.

B. Optimal Modulation during Steady Process

According to the analysis presented in Section II-C, dur-
ing steady process, each H-bridge generates HF square wave
voltages wvpi; and wvpio for both sides of the transformer, then
the magnitude and direction of power flow of each DAB can
be controlled by adjusting the outer phase-shift ratio Dis be-
tween vyi; and vyie. Usually, the single-phase-shift modulation
is widely used in DAB, but the backflow power is high when
the dc terminal voltages don’t match the transformer turn ratio,
as shown in Fig. 6(a).

Assuming that V;; > ny 1y, the current peak I, can be
derived as
’nTVLV [If + (QDZQ — 1)]

= L (3)

Imax

where np is the transformer ratio, k = Vj; /nr Wiy is the voltage
conversion ratio, and f is the switching frequency.

Many optimal modulations have been proposed in literatures.
However, all of them can be unified, and the fundamental op-
timal strategy can be used to determine the inner phase-shift
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ratios [15], as shown in Fig. 6(b). Aside from the outer phase-
shift ratio Djy between the two H-bridges, another degree of
freedom exists, namely, the inner phase-shift ratio D;; between
the diagonal switches of H-bridge. Then, the current peak I/, .
can be derived as

nr Vv [k(]. — Dil) + (2D22 — 1)]

I = ) 4
max 4f5L ( )
The fundamental reactive power can be derived as [15]
4V; 2 D;
Q= W [Vﬂcos <7T21> — nypViycos(mD;2)

(&)

In order to ensure the outer phase-shift ratio Dj» operating in

optimal range under the rated conditions, Djs is usually designed

with a small value. Thus, to eliminated the fundamental reactive
power, the inner duty ratio can be designed approximately as

2arccos(nr Viy /Vi1)

Dil = .
™

(6)

In practice, the amplitude and direction of the transmission
power of DCT can be controlled by adjusting the outer phase-
shift ratio, and the circulating power can be reduced by adjusting
the inner phase-shift ratio. In fact, because the parameters will
be changed greatly in practice, the real-time optimal modulation
with close-loop is not that effective, usually the enumeration
method can be used.

C. Optimal Modulation During Transient Process

In flexible MVDC application, the DCT may work in different
operation modes, and the power flow is bidirectional. From [20],
if the steady phase-shift modulation is still used during transient
process, there will be a big transient impact I, and dc bias
It4c in the HF-link (HFL) current, resulting in great current
impact on the switches and endangers the safe operation of the
converter. Fig. 7 shows the waveforms when the power flow
changes from forward to reverse direction.

The current impact Iy, can be derived as from [20]

Vv ' - _
Loax = 1L [2|Dira| (k+1) =1+ k+2D;r1].  (7)
The dc bias Itq. can be derived
nrVi
Irge = ——= [2(k |Dir2| + Dir1)] - ®)

4fsL
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Optimal modulation method for DCT during transient process. (a) Theoretical modulation. (b) Practical optimal modulation.

To eliminate the dc bias and current impact during transient
process, the optimal transient modulation can be used [20], as
shown in Fig. 7(b). When there is a big step for outer phase-shift
ratio between two adjacent switching periods, we can adjust the
phase change of vy,;2 into two parts (Dir,, Dir2) in subsequent
switching period; the two parts are then added to the rising and
falling edges of vy,;2, respectively. Then, the dc bias I’T 4 can be
derived

Itge = nijzV (2Di1 +4Dj7y — 2| Dir2|)k.

In order to eliminate the dc bias, we set ITq. = 0, we have

s _ [Dira| = Diry

(C))

Diry’ = 9 (1o
Then
Ly = "I (04 1) 1Dy = 14 K] < D (1D
max 4.](“’[1

In fact, to adjust the phase change of vy,;5 to two parts (D{TQ,
Dit9) in the subsequent switching period, the voltages of the
transformer become symmetry over one switching period, so
the current impact and dc bias are eliminated.

IV. FULL-PROCESS OPTIMAL CONTROL OF DCT DURING
OPERATION PROCESS

As presented in Section III, there are three operation modes
for DCT in flexible MVDC application. In all the modes, DCT
must control the voltage balance of each series DAB cell, as
well as the power balance of each parallel DAB cell.

A. Voltage and Power Balance Principle

From Fig. 3, the currents in the series side are equiva-
lent and the voltages in parallel side are equivalent, it can be
derived as

Vv =Vii + Vo1 +- -+ Vi
Iyy = Iuvi = Imv2 = - = Inva
Viv=Via=Vap =---=Vp»
Pocr=P +P+---+PF,

12)

Ignoring power loss, the average current across the dc capaci-
tor over one switching period should be zero in the steady state;
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with forward power flow. (c) Power balance control with reverse power flow.

then
(13)

The input and the output average power are the same, and we
have

hvi = I and Ipy; = Ijs.

P, =Vl = Viplis. (14)
From (12) to (14), we have
Vih=Vy=-=VaeshP=Ph=---=PF. (15

From (15), the voltage balance of each series DAB cell in
the MVDC side and the power balance of each parallel DAB
cell in the LVDC side are also theoretically equivalent, and this
conclusion still holds in both the forward and reverse power
flows in all of the modes. This finding indicates that we only
need to control one of the voltage balance in the MVDC side
and the power balance in the LVDC side.

B. Balance Control Stability

According to the earlier analysis, the voltage balance of each
series DAB cell in the MVDC side and the power balance of each
parallel DAB cell in the LVDC side are theoretically equivalent.
Howeyver, the two methods have different control stabilities in
practical control.

In fact, assuming that the inner phase-shift ratio D;; = 0,
for each DAB cell in DCT, the transmission power can be
derived as

nr Vit Viv
2fs L

From (16), the series voltage and power of each DAB cell can
be adjusted by the outer phase-shift ratio. Taking positive power
flow to analyze, if the voltage balance control is used, when the
power of DAB cell is high, the outer phase-shift ratio will be
increased to ensure voltage balance; if the power balance control
is used, when the series voltage of DAB cell is high, the outer
phase-shift ratio will be decreased to ensure power balance.

1) Voltage Balance Control: Assuming that the system volt-
age and load current are constant, when the control for the
series voltage balance is used, the dynamic process is shown in
Fig. 8(a).

When the power is in the forward flow, the DABI in the initial
state operates stably in point A; thus, Vi = Viavers Lic1 = 0,
and I;; = Iyrv, where V., 1s the average voltage of the series
capacitors and Ij.; is the current flowing to the series capacitor.
Assuming that the disturbance reduces the power, due to the

P = [Dis2 (1 — D;2)]. (16)

0<;i1:\<!i.ﬂli I Lip<lya<0 '6=licm<1icm r]

(b) (c)

Balance control stability analysis of DCT for flexible MVDC application during operation process. (a) Voltage balance control. (b) Power balance control

parallel connection in LVDC side, the current I;5 will decrease,
then I;; will decrease. Because the series current Iy is con-
stant, the operation point is changed from A to B. The capacitor
current [;.; is changed from zero to above zero, and then the ca-
pacitor is charged and the voltage is higher than V... Then the
series voltage balance control will be enabled, the outer phase-
shift ratio will be increased, and the capacitor current [;.; will
be reduced to balance the capacitor voltage; then the feedback
is produced, the current I;; and Ij» will increase, and the power
will recover to the balance.

When the power is in the reverse flow, the DABI in the initial
state operates stably in point A; thus Vi; = Viaver, lict =0,
and I;; = —Iyv. Assuming that the disturbance reduces the
power, due to the parallel connection in LVDC side, the current
|Ii2| will decrease, then |I;; | will decrease. Because the series
current [y is constant, then the operation point is changed
from A to B. The capacitor current [;.; is changed from zero
to below zero, then the capacitor is discharged and the voltage
is lower than V... Then the series voltage balance control
will be enabled, the outer phase-shift ratio will be increased
with negative polarity, and the capacitor current |[;.1| will be
reduced to balance the capacitor voltage, then the feedback is
produced, the current | [;; | and |I;2| will increase, and the power
will recover to the balance.

2) Power Balance Control: When the control for power bal-
ance is employed, the dynamic process with forward flow is
shown in Fig. 8(b). In the initial state, the DABi operates stably
in point A, thus Vi1 = Viaver, i1 = Imv, and L.y = 0. Assum-
ing that the disturbance cause the decrease of the capacitor volt-
age Vi, then [;; increases, and the operation point is changed
from A to B; because the series current Iy is a constant, the
capacitor current [i.; is changed from zero to below zero, then
the capacitor is discharged and the voltage is further decreased.
Therefore, positive feedback is produced, the capacitor voltage
continues to decrease until it becomes zero, and then the power
balance is disrupted.

When the power is in the reverse flow, the dynamic process
is shown in Fig. 8(c). Assuming that the disturbance cause the
decrease of the capacitor voltage Vij, then |[;; | increases, the
operation point is changed from A to B; because the series
current Iy is a constant, the capacitor current [;; is changed
from zero to above zero, then the capacitor is charged and the
voltage is increased. Therefore, negative feedback is produced,
the capacitor voltage recovers to the balance.

According to the earlier analysis, the power balance can be
always achieved when the voltage balance control in the series
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side is used; the voltage balance in the series side can be achieved
in the reverse power flow when the power balance control is
used, however the DCT will be unstable in the forward power
flow.

C. Full-Process Control Design During Operation Process

In order to enhance the stability and dynamic performance, a
full-process control strategy of DCT in flexible MVDC applica-
tion during operation process is proposed in Fig. 9. M1—M3 are
binary logic control signals for the MVDC control mode, the
LVDC control mode, and the power control mode, respectively;
when these parameters are equal to 1, the corresponding mode is
enabled. In the control strategy, each DAB cell has an identical
control model and non-master-slave relationship; each control
cell consists of an MVDC voltage controller, an MVDC cur-
rent controller, an LVDC voltage controller, an LVDC current
controller, and a balancing controller.

In the MVDC control mode, the LVDC bus voltage is con-
stant, the MVDC voltage reference Vyry, is given, the MVDC
voltage and current controllers are enabled, and the average volt-
age Veaver 18 calculated as (17). The MVDC voltage controller
takes the difference between Vi; and V.., as the input to the
PI controller, and the output is used as current reference I;,
for the MVDC current controller. The MVDC current controller
takes the difference between [;; and I;;, as input for the PI con-
troller, and the output is used as the outer-phase-shift ratio. In
the MVDC control mode, the series MVDC voltage is controlled
by each DAB cell. Thus, the balancing controller is not needed,
and the voltage balance in MVDC side can be achieved easily.
According to the analysis in the last section, the power balance
in the LVDC side can also be achieved. In the MVDC control
mode, the amplitude and direction of the power are passively
determined by the system in the MVDC side

- Vatve /1 M1=1
AT NV 4+ Var+ -+ Va)/nM2=1 or M3=1"
(17)
In the LVDC control mode, the LVDC voltage controller takes
the difference between V1y and the reference value Vv, as input
for the PI controller, and the output is used as the unified current
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reference for the LVDC current controller for each DAB cell.
The MVDC balancing controller collects the dc voltages V;;
in the series side, and calculates the average voltage Vi,yver. It
needs to be pointed out that V., in the MVDC control mode is
calculated according to real-time detection; in the LVDC control
mode, V.,ve; 1s calculated according to the given reference.

On this basis, the MVDC balancing controller further calcu-
lates the correcting value A ;5 for the unified current reference.
The sum of the unified current reference and A\ ;5 is the current
reference for each DAB cell.

In the MVDC balancing controller, the calculation of Al
does not contain an integral function, it can be derived as

{AIQ = Kdelt (‘/caver - VV[l)

Al + ALy + -+ Al =0 (18)

where K )¢ is the proportional control parameter.

It can be seen from (18), the sum of the correcting values of
all the DAB cells is equal to zero. Thus, the MVDC balanc-
ing controller exerts no effect on the control of the LVDC bus
voltage. The trial and error method can be used for Kj.j; to
gain satisfactory steady and transient operating performances in
actual engineering projects.

In the power control mode, the control status of the DCT is
similar to that of the LVDC control mode; the only differences
are that the MVDC and LVDC bus voltages are constant, only the
LVDC current controller and balancing controller are enabled,
and the unified current reference Iy, is directly calculated from
the given power reference.

According to the earlier analysis, to obtain a different power
flow direction, we only need to change the polarity of the phase-
shift ratio but not the states of the switches. Thus, the same
control scheme can be used in both the forward and reverse
directions of all the modes.

V. FULL-PROCESS OPTIMAL CONTROL OF DCT DURING
BLOCK PROCESS

Section IV gives an analysis on balance control during op-
eration process. In addition to normal operation process, there
is also block process (includes standby, startup and fault states
in Section VII), which also exists for a long time in flexible
MVDC application [30].

A. Voltage Balance Issue During Block Process

During block process, the driving signals of power switches
are locked, no output power is generated by the DCT. How-
ever, the control system should be powered normally to provide
human—computer interaction and have the ability to restore op-
eration quickly at any time.

Different with ac distribution grid, dc distribution grid lacks
ac link, the control power source (CPS) of each DAB just ob-
tains power from dc capacitor. In practice, the CPSs for two
H-bridges of primary and secondary sides of the transformer
are isolated, the CPSs in primary side are connected to the ca-
pacitors in MVDC side whereas the CPSs in the secondary side
are connected to the capacitors in LVDC side, so it can meet the
high voltage isolation specification.
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Fig. 10.  Full-process control strategy of DCT for flexible MVDC application
during block process.

In MVDC control mode, the voltage in MVDC side is not es-
tablished at first; the CPS in LVDC side will operate first to drive
the H-bridges that operate as inverters, and then the H-bridges
in MVDC side operate as rectifiers, causing the dc capacitors
in MVDC side to be charged. After a certain amount of time,
when the voltages of dc capacitors achieve the operating voltage
of the CPSs, the CPSs in MVDC side will start to work, and
DCT can shift into normal operation. In LVDC control mode,
the voltage in LVDC side is not established at first, the operation
sequence of CPSs and H-bridges in primary and secondary will
interchange. For power control mode, the CPS can get power
from dc capacitors both in MVDC and LVDC sides, both CPSs
can operate at first.

Because the capacitors in LVDC side are connected in par-
allel, so there is no voltage and power balance issue in MVDC
and power control modes. However, in LVDC control mode,
the CPSs in MVDC side get power from each series capacitor;
due to inverse effect between voltage and current of CPSs, the
voltage balance will be destroyed when slight difference exists
between different CPSs.

B. Optimal Balance Control Solution for DCT During
Block Process

In the tradition solution, a balance resistor is added in parallel
with each dc capacitor. To ensure the direct relationship of re-
sistor can offset the inverse relationship of CPS, the dissipation
power of auxiliary resistor should equal to the dissipation power
of CPS.

In fact, we don’t need to use the direct effect of resistor to
completely offset the inverse effect of CPS. We only need to
ensure that the power generated by each series capacitor is the
same, and then the series voltage can be balanced. From [30], in
order to reduce power loss of traditional solution, a minimum
voltage tracking balance (MVTB) control can be used, as shown
in Fig. 10. A switch S; with small current level is added to the
resistor. Thus, the power loss of the resistor can be adjusted by S;.
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In MVTB control, each cell will compare its own series
voltage V;; with the minimum voltage Vi,i,, where Vi, =
minViq, Voi,..., Vu1. The switch S; will be turned on and the
resistor expend energy from the series side when V; > V.
Moreover, the larger the difference between V; and Vi, the
longer the on time of S; and the larger the dissipated energy
of the resistor. Because the closed loop is employed, voltage
imbalance can be eliminated and power loss can be reduced.

Assuming that the initial series voltages are the same. When
the CPSs startup, the series voltage with small dissipated power
will increase, the current will decrease resulting from the con-
stant power characteristic of CPS, and then the series voltage
will further increase. At this time, the resistor is switched into
operation, the resistor absorbs power from the series voltage,
and thus, the voltage decreases.

In order to ensure voltage balance, in steady state, we have

2

T's B
Pai=Pymas—Py and Pp,— / Vilnidt=Di 7y (19
0 0

From (19), the power loss of resistor is simply the power
difference between different CPSs, and the resistance should
be designed to consume the maximum power difference. The
smaller the resistance, the faster the recovery speed, but the
current impact of .S; will be high and the power loss is constant.

According to the earlier analysis, because there are many
operation modes for DCT in flexible MVDC distribution, we
must ensure that the CPSs can get power from both MVDC and
LVDC sides in practice. In addition, the tracking balance control
can reduce power losses greatly compared with the traditional
solution.

VI. FAULT-HANDING SOLUTION OF DCT FOR FLEXIBLE
MVDC DISTRIBUTION APPLICATION

A. Fault Issue of DCT for MVDC Distribution

In MVDC distribution application, the MVDC voltage is
about tens of kV, the cell number will be dozens, which in-
creases the failure rate of the DCT. In order to enhance the
reliability of the system, the DCT should have the fault-handing
ability.

For the DCT in Fig. 1, due to the existence of concentrated
capacitor, the DCT cannot operate with redundant unit when a
cell fails, otherwise the dc capacitor of the faulted cell will be
short-circuited, which reduces the system reliability, especially
in MVDC application. In addition, the DCT cannot disconnect
fully from MVDC distribution when a short fault occurs in the
distribution bus, the dc capacitor will be discharged rapidly and
a large overcurrent will occur. When the fault is eliminated, the
dc capacitor must be recharged and the fault recovery is slow.

B. Fault-Handing Solution of DCT for MVDC Distribution

Fig. 11 shows a fault-handing solution of DCT for flexible
MVDC distribution application. Every capacitor is connected
to a switch, in which a bypass contactor is connected in parallel
to H-bridge in MVDC side. Due to the parallel connection in
LVDC side, so the bypass contactor is not needed. Based on
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this, the concentrated capacitor of DCT is changed to switched
capacitor.

In normal operation, the switches F}; — Fy; are turned on,
whereas all bypass contactors K; — K, are turned off. When
a failure occurs in DABI, the switches (i1 —Q;y, Fi1 and Fio
are turned off immediately, the switches S;; —S;y of Hj; are
turned on, then the DABI is switched off and the dc capacitors
will not discharge. After that, the bypass contactor K; is turned
on and the switches Sj; —S;4 are turned off to reduce power
loss. However, to absorb voltage peak, there will be snubber
capacitor which connected to the dc-link or CE of switches.
Usually, if the snubber capacitance is very small, the effect
of the snubber capacitance on fault-handling method usually
can be ignored considering the turn on delay time of switches.
Of course, if the capacitance is several uF, before the shoot-
through of the switches, the switches can be turned on and off
alternately, the snubber capacitor will be discharged quickly be-
cause of the power loss of the switches and parasitic resistance in
the circuit.

When a short fault occurs in the MVDC or LVDC buses,
all the switches Si; —Siy, Qi1 —Qyy, and Fi; — Fjs are turned
off, then the DCT can break the connection between MVDC
and LVDC buses without the help of dc breaker, and no surge
current appears. Beside these, the voltages of dc capacitors are
all maintained, so after the transient short fault disappears, the
DCT can restore very quickly.

According to the earlier analysis, the proposed solution not
only can switch out the faulted cell quickly while the system
still runs normally, but also can disconnect electrical connection
between MVDC and LVDC buses quickly when some external
faults occur, which improves the reliability of the system.

VII. PRACTICAL PARAMETER AND HARDWARE DESIGN OF
DCT FOR FLEXIBLE MVDC DISTRIBUTION APPLICATION

A. Parameter Design

In DCT, in order to ensure the control effect, the parameters of
each DAB cell are designed to be consistent. The rated voltage
Varv and Viy of MVDC distribution grid and LVDC microgrid
are determined directly according to the actual demand. The
rated voltage of DAB cell in the series side is equal to Viry /n
and that in the parallel side is equal to Viy. The number n of
series cell is determined by the V3 ;v and designed voltage Vigpr
of switches, which is n Viyv /Vigpr. In order to reduce the
circulating current and to increase the efficiency, the transformer
turns ratio np should match the voltage conversion ratio of DAB,
that is, np = (Vi\,{\//n)/VLv.

In order to ensure reliable operation of DCT, the design of
auxiliary inductance L and switching frequency f, must satisfy
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Fig. 12.  Distributed and modular design strategy of DCT for flexible MVDC

distribution application.

that the transmission power of DCT can achieve the rated power
of load, so the minimum value of the theoretical maximum
power should be larger than the rated power of load. From [19],
we have

N7 VATV -min VLV _min
8fs L

where Py is rated power of load, A is margin coefficient,
Vmv,,,, and Viy . are the minimum value of Vv and Vi,
respectively, usually the maximum voltage fluctuating range is
5%—10%.

The switching frequency f; is determined by the character-
istics of the switches; the recommended operation range can be
obtained from datasheet; the value is usually below 20 kHz for
silicon switches.

> APy (20)

B. Modular Hardware Design Strategy

In MVDC distribution application, the cell number will be
dozens; from [19], the distributed and modular hardware design
can be used to enhance the flexibility and power density. Fig. 12
shows a hardware design strategy of DCT prototype in this
paper, which has a certain demonstration significance.

The flat and integrated structure of the hardware system can
be improved into modular and plug and play (P&P) structure,
which increases power density, modularity, and flexibility. All
of the DAB cells have identical control and power systems. The
control system for each cell is divided into a source module,
a control module, and a signal process module. In the power
system, each bridge of the DAB is designed into a power mod-
ule, and the auxiliary inductor and HF transformer are integrated
into a magnetic component. Then, each DAB cell is made of one
source module, one control module, one signal process signal,
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Fig. 13.  Simulation results of optimal modulation for DCT during different processes. (a) Startup process. (b) Steady process. (c) Transient process.
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two power modules, and one integrated HF transformer. In the LA A
PCB design, all of the modules are plugged into a mother board E
with a P&P interface. The signal communication between con-
trol and power systems is achieved by a mother board, and
communication between the DAB cells is achieved through
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Fig. 14 shows simulation waveforms of startup and balance ool mode. (a) MVDC and LVDC voltage and current. (b) HFL current.
control for DCT. During the startup process, the DCT can oper-
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effect. The LVDC voltage also keeps a constant value. ;i‘; « Iv/A e _im‘
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well. All the HFL currents of DAB cells are equivalent, which
reflects a good current share effect.

Fig. 17 shows simulation waveforms of transient operation
for DCT in MVDC voltage control mode. It can be seen that the
MVDC voltage has a good stability when the power suddenly
changed, the series voltages of each DAB keep a good balance
effect, and the HFL current also keeps a good share effect. The
system can change to another steady operation quickly.

Fig. 18 shows simulation waveforms of transient operation for
DCT in LVDC voltage control mode. The regulation is similar to
the MVDC control mode; the LVDC voltage has a good stability
when the power suddenly changed, the series voltages of each
DAB keep a good balance effect, and the HFL current also keeps
a good share effect. The system can change to another steady
operation quickly.

IX. SMALL-SCALE PROTOTYPE AND EXPERIMENTS

A. Prototype Implement

Fig. 19 shows an implement prototype, which is composed
of three DAB cells. The rated power for each DAB cell is
1.5 kW, then the rated power for the DCT is P =3*1.5 =
4.5kW. The MVDC bus voltage Vv = 720V, the LVDC bus

Tir‘ne (0.1s/ciiv)
(b) (c)

Time (0.1s/div)

Simulation results of transient operation for DCT in LVDC voltage control mode. (a) MVDC and LVDC voltage and current. (b) Series voltage.

Fig. 19.

Prototype photo of DCT.

voltage Viv = 380V, the switching frequency f; = 20kHz,
the transformer turns ratio ny = 240: 380, and the auxiliary
inductor L = 90 yH. In experiments, the MV side of DCT is
connected to the dc side of a bidirectional PWM ac—dc con-
verter, and the ac side of this converter is directly connected to
a 380-V three-phase ac grid.

The DCT employs the distributed and modular design strat-
egy as shown in Fig. 12. Each DAB cell is designed as a separate
module, and it not only can work independently but also can be
composed as a DCT to work in the three modes mentioned ear-
lier. In order to further increase the efficiency and the power
density, all of the power devices are 1200 V/20 A SiC-based
devices. Compared with Si-based devices, SiC-based devices
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Fig. 20.  Experimental results of optimal modulation for DCT during startup
process. (a) Startup process. (b) Optimal modulation.

have higher thermal conductivity, higher critical field strength,
and lower carrier concentration, which are commonly consid-
ered as a key to increase efficiency and power density for HFL
power conversion systems. Nowadays, the SiC-based devices
from Cree and Rohm are available in the range of 1.2—-1.7 kV
and 100-300 A in the market.

In Section V-C, it is required to measure the dc-link cur-
rent that passes the dc-link capacitor to control the DCT, which
should have delicate consideration. In the hardware implement
of this paper, an LEM current sensor (LA25-P) is used to
measure dc-link HF current, and the current is converted into
voltage signal which is suitable for the measurement of the
sampling chip ADS803, which is a high-speed, high dynamic
range, 12-bit/5 MHz pipelined analog-to-digital converter. This
high-bandwidth, linear track/hold minimizes harmonics and has
low jitter, leading to excellent signal-to-noise ratio (SNR) per-
formance. In the controller, an FPGA (XC3S500E) and a DSP
(TMS320F2812) are used, the analog to digital conversion was
triggered 2 us once, and we can get the digital result X;. At the
same time, a multiplier is used to calculate its square, and we
can get the digital square result X;2, then the sum of 25 calcu-
lated results is calculated in FPAG and transferred to DSP, so
we can calculate the square root and get the current measured
result.

B. Optimal Modulation Experiments

Fig. 20 shows the experimental results of optimal modulation
for DCT during startup process, which takes LVDC control as an
example. During startup process, the dc terminal voltage in the
control side is not established completely. All of the switches
of H-bridges in the LVDC side are turned off and operate as
uncontrolled rectifiers; all of the switches of H-bridges in the
HVDC side are enabled and operate as inverters. Especially,
there is a big inner phase-shift ratio for Hj; to generate square
waves with small duty ratio, so the HFL overcurrent is avoided.
After the dc terminal voltage in control side is established, the
soft startup process is terminated, and the driving pulses can be
enabled with normal 50% duty ratio, and the system shifts to
steady-state process.

Fig. 21 shows the experimental results of optimal modulation
for DCT during steady process. When the dc terminal voltages
don’t match the transformer turn ratio, there will be a great
reactive power with traditional single-phase-shift modulation,
and the current stress will be high. In optimal modulation, there
is an inner phase-shift ratio in the HFL voltage, the current
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Fig. 23.  Experimental results of balance control for DCT during different
processes. (a) Block process. (b) Operation process.

rising rate is reduced during this period, and the peak current is
decreased.

Fig. 22 shows the experimental results of optimal modula-
tion for DCT during transient process. During transient process,
the power flow is changed from forward to reverse direction.
There is a big transient impact I,,,x and dc bias Itq. in HFL
current if the steady phase-shift modulation is still used during
transient process, which causes a great current impact on the
switches and endangers the safe operation of the converter. In
optimal modulation, because the phase-shift ratio is changed
into two parts during two adjacent period, the voltages of the
transformer become symmetrical within one switching period,
and the current impact and dc bias are eliminated.

C. Balance Control Experiments

Fig. 23 shows the experimental results of balance control
for DCT during different processes. During block process, the
series voltages are unbalanced resulting from parameter dif-
ferences, then the MVBC is enabled, the switch S3 is turned
on to absorb the power difference, the series voltages are then
balanced, and the duty ratio of S3 decreases gradually. Dur-
ing block process, all the driving pulses and the steady balance
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Experimental results of steady operation for DCT in LVDC voltage control mode. (a) MVDC and LVDC voltage and current. (b) Series voltage.
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(c) HFL current.

control should be disabled. During steady process, all the driv-
ing pulses of switches are enabled and the balance control dur-
ing operation process is enabled, the series voltages still keep
balance.

D. Steady Operation Experiments

In the MVDC voltage control mode, the LVDC bus voltage
is provided by external system, and the MVDC bus voltage
is controlled by the DCT. The voltage and current waveforms
of the MVDC and LVDC buses are shown in Fig. 24(a), and
the voltage waveforms in the series side and the HFL current
waveforms are shown in Fig. 24(b) and (c). It can be seen that
the MVDC and LVDC buses remain at reference values steadily.
Both the current and voltage conversions of the DCT operate
normally. All the series voltages and HFL currents are equal,
which reflects a good voltage and power balancing effect.

Experimental results of transient operation for DCT in MVDC voltage control mode. (a) MVDC and LVDC voltage and current. (b) Series voltage.

In the LVDC voltage control mode, the MVDC bus voltage
is provided by MVDC distribution, and the LVDC bus voltage
is controlled by the DCT. The experimental results are shown
in Fig. 25. It can be seen that the power flow goes in the reverse
direction, but performance of the DCT is also satisfactory and
shows good voltage and power balancing effect.

In the power control mode, compared with LVDC voltage
control mode, the unified reference Iy, is directly calculated
from a given reference, but not from LVDC voltage controller,
the control is simpler, the waveforms are the same with that in
the LVDC voltage control mode.

E. Transient Operation Experiments

When the power is changed in the MVDC voltage control
mode, the experimental results of DCT are shown in Fig. 26. It
can be seen that the LVDC bus remains nearly constant, the other
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voltages and currents are able to revert back to the steady state.
Both a small overshoot and a short dynamic time are realized.
After dynamic adjustment, the DCT still shows a fixed voltage
and current conversion ratios, as well as good voltage and power
balance.

The experimental results of the DCT when the power is
changed in the LVDC voltage control mode are shown in Fig. 27.
It can be seen that the MVDC bus remains nearly constant, and
the DCT still shows a fixed voltage and current conversion ra-
tios, as well as good voltage and power balances.

FE. Efficiency Experiments

Fig. 28 shows the experimental results of the efficiency with
a varying transmission power. When the power is transferred
from the LVDC bus to the MVDC bus, the efficiencies of
most ranges are above 96.0%, the efficiency at rated power
Ppcsst = — 4.5kW is 96.9%, and the maximum efficiency
of the DCT reaches up to 97.2%.When the power is trans-
ferred from the MVDC bus to the LVDC bus, the efficien-
cies of most ranges are above 96.0%, the efficiency at rated
power Ppcsst = 4.5kWis 96.7%, and the maximum efficiency
reaches up to 97.8%. It needs to point out that the efficiency may
changes with the change of the power, voltage and employed

switches for every power electronics system, but the commuta-
tion behaviors for the same topology are the same; this means
that although the specified values may be a little different, the
efficiency for the same topology will have the similar regulation.

The efficiencies in Fig. 28(a) and (b) are measured in MVDC
control and LVDC control modes, respectively. As mentioned in
Section IV-C, in MVDC control mode, the series MVDC voltage
is controlled by each DAB cell, the balancing controller is not
needed, and the voltage and power balance in MVDC side can
be achieved automatically. Thus, in the MVDC control mode,
the series voltage has good stability. In the LVDC control mode,
the additional balancing controller is added to adjust the series
voltage, which cause a certain voltage ripple and HFL current
ripple. Thus, the measured values has a certain ripple with the
change of the power. In addition, the efficiencies in the paper
are measured by the power meter YOKOGAWA WT230, the
measurement accuracy can reach as high as 0.1%. The efficiency
accounts for the loss of semiconductors and passive elements.
From the earlier analysis, the performances of the DCT based on
the proposed solution can satisfy the requirements of practical
applications in MVDC distribution system, which has greater
prospect, especially with the rapid development of VSC-HVDC
transmission and LVDC microgrid.
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X. CONCLUSION

The DCT will be the key device for MVDC power distri-
bution. Comprehensive theoretical analysis and experimental
verification for the practical application of DCT based on DAB
in flexible MVDC distribution system are presented in the paper.
Especially, the full-process operation modes, optimal modula-
tion methods, full-process control strategy, fault-handling solu-
tion, design methods, and full-process experiments are analyzed
and proposed. From the theoretical and experimental analysis,
the optimal modulations can reduce the current stress during
startup, steady and transient processes. The proposed control
strategies can ensure the safe operation of DCT under MVDC
control, LVDC control, and power control modes, especially
ensure the voltage balance both during block and operation
processes. The DCT based on the proposed solution not only
achieves voltage conversion and electric isolation between the
different dc buses but also actively controls voltage, current,
and power between MVDC distribution grid and LVDC micro-
grid. The practical application of DCT in MVDC distribution
are worth anticipating.
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