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ABSTRACT Due to the characteristics of high efficiency and flexible transformation ratio, full-bridge CLLC
resonant DC transformers have been increasingly used for DC grid in recent years. Based on the analysis
of the working principle of CLLC resonant DC transformer circuit, this article analysis the current gain
characteristics by using fundamental wave analysis method, the parameter influences of resonance network
frequency and the transformer gain is also being concerned. On the basis of using soft switching method, this
article will introduce a method of inverted displacement phase control. The working range will be further
refined in the original circuit, and the linear control region will be expanded as well. In this way, the output
current will have a precise control under the condition of short circuit, which will satisfy the low voltage
ride-through requirements of DC transformers applied to the grid connection of renewable energy. Finally,
the method proposed in this article is verified by simulation and hardware-in-the-loop experiment.

INDEX TERMS Resonance, power electronics transformer, short circuit current limit, low voltage ride

through, phase shift control.

I. INTRODUCTION

In recent years, DC transmission and distribution systems
have attracted the attention of the industry field because of
their advantages of large energy capacity, low losses and high-
power supply quality [1]. With the deepening of research,
the problems caused by the low damping characteristics of
the DC power grid are also constantly obvious, especially
the fault current limiting problem under short-circuit fault
conditions has been more and more paid to attention [2].

In DC grid, DC power electronic transformers can be used
to connect the grid between different voltage levels or as a
connector between the renewable energy power generation
system and the DC grid. In order to improve the transmission
efficiency of DC transformers, CLLC resonant converters
based on soft-switching resonance type have received more
and more attention [3]. This type of resonant converter has
natural soft switching characteristics, which can achieve zero
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voltage turn-on (ZVS) of the primary-side inverter switches
and zero current turn-off of the secondary-side rectifier diode
at a wide input voltage and full load range (ZCS), which does
not require any auxiliary network and is relatively easy to
control [4], [6]. There are many studies that have carried out
a lot of research work on it, and many articles have studied
the application of CLLC resonant converters in bidirectional
DC/DC converters. Reference [5] proposes a one-way LLC
converter topology. This circuit topology is mainly designed
with a resonant topology on the primary side of the con-
verter, but it is only a traditional full-bridge converter when
the reverse side of the side is working. Reference [7] pro-
poses an asymmetric bidirectional CLLC resonant converter
structure, which realizes soft switching during bidirectional
operation. Reference [8] introduces a symmetrical and effi-
cient LLC resonant converter. This symmetric LLC resonant
network has self-turn-off device that can realize ZVS and
soft-switching capability on both primary and secondary side.
Any snubber circuit is required to reduce the voltage stress
of the switching device, and the power conversion efficiency
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in any direction is exactly the same as each other. However,
the gain of its resonance point is less than one and is affected
by the load, and the rectifier diode does not achieve ZCS. Ref-
erence [9] proposes another bidirectional full-bridge CLLC
resonant DC converter. While maintaining the advantages
of LLC resonant converter high efficiency and high-power
density, it has the ability to transmit energy in both directions
without any buffer circuit. Soft switching is realized, how-
ever, because the rectifier bridge of the secondary side does
not use synchronous rectification technology, the efficiency
of the whole machine still has great development poten-
tial. Although there are some problems with these circuits,
the achievements of these researchers have greatly promoted
the efficient application of DC transformers. The principle
topology of DC power electronic transformer based on LLC
resonant conversion circuit can be seen in Figure 1. The
circuit structure has strong modularity, flexible combination,
and high controllability. By using ISOP (input series, output
parallel) connection, the transformer can connect the medium
voltage 10kV and the low voltage 750V DC bus. The effi-
ciency of the entire transformer has now reached more than
97% (silicon devices) or 98% (silicon carbide devices) [10],
Due to flexible control, low loss, and high efficiency, many
equipment manufacturers have used this topology as the main
circuit of DC transformers for production applications. Trans-
formers of this topology play an important role in the field of
DC distribution.

FIGURE 1. Topological structure diagram of DC power electronic
transformer based on LLC resonant conversion circuit.

As a connecting element between different voltage levels,
the transformer should also take into consideration the fault
current limiting and protection in addition to transmitting
power. When a short-circuit fault occurs on the external line
of the transformer, due to the low impedance of the DC line,
a large value of short-circuit inrush current will be generated,
which will cause serious damage to the equipment and the
line as well. In order to prevent short-circuit and over-current
situation, up to now, the industry field mainly uses current
limiting inductor with DC circuit breaker placed in series to
the transformer output to protect the line and equipment [12].
The current limiting inductor is used to limit the rise rate
of the short circuit current when a short circuit fault occurs,
and provide a buffer time for the circuit breaker action to cut
off the circuit to achieve the purpose of line protection [11].
Regardless of other factors such as cost, this current-limiting
protection scheme is sufficient to protect the safety of equip-
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ment and transmission lines [13]. However, as more and more
renewable energy power generation systems are connected to
the DC system, these grid-connected devices must provide
low voltage ride-through functions [14]. The current-limiting
protection scheme described above is obviously unable to
meet the system requirements. At this time, outputting a
controllable output current is one of the necessary functions
of power electronic transformers [15].

Based on the above requirements, this article has
researched in depth on the current limiting control method
of DC power electronic transformer using CLLC resonant
converter circuit. On one hand, the design and optimization
of the resonance parameters must meet the high-efficiency
transmission requirements of the symmetrical CLLC res-
onant conversion circuit under ZVS and ZCS conditions,
that is, the converter must meet the gain characteristics and
soft switching realization conditions [16]-[18]. On the other
hand, the low voltage ride-through requirement needs a pre-
cise control to the output current from transformer in case
of short circuit happen. Many researchers have had a lot of
investigation on DAB circuit and its derivatives. By doing
improvements on the topologies of the resonance circuit and
relating control algorithms, the circuit can work on default
working point. By this way, ZVS can be realized together with
the better performance on working efficiency improvements
[19]. With the expansion of application scope and develop-
ment of DC system, researchers have found besides to satisfy
the high performance of power transmission requirements,
system protection has also become to a big issue, further-
more, with the development of renewable energy, some cir-
cuit working requirements under abnormal conditions have
also been raised. References such as [20] focus on solu-
tions of protection and isolation of DC power distribution
network by using active current limiting control, reference
[21] which give solutions of large ratio DC/DC transformer
with ability of short circuit limitation ability [22], raise up
the ideas on modular DC power flow controller with cur-
rent limiting function, and reference [23] describes current
limiter characteristics and optimal configuration consider-
ing DC inductors [24]. All these references are referring to
the researches under various extreme conditions based on
traditional DAB circuit. The research in this article is also
carried out under this background, focusing on the output
current control method of DC transformers for renewable
energy under short circuit conditions [25]. Usually, two-phase
shift or three-phase shift control is being used because the
output current is sensitive to control parameters in DC loop
when current changed rapidly. However, when controlling
the system output current, problems of poor linearity and
narrow linear working area are raised. In order to improve
the control accuracy under short circuit conditions and mean-
while expand the linear working area, an output reverse-phase
control method based on inverted displacement phase control
method is proposed, so that the transformer can meet the
control requirements of the current controllable followed by
changing with output voltage during low voltage ride through.
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Finally, the correctness of the proposed method is verified by
simulation analysis and hardware-in-the-loop experiment.

This article consists of the following parts: Section two
focuses on the analysis of the working process of CLLC
resonant converter. The third section analyzes the inverted
displacement phase control process of the CLLC resonant
circuit. Fourth section discusses the active control method of
the output current of the power electronic transformer when
a short-circuit fault occurs. Section 5 analyzes the simulation
results. Finally, Section 6 gives the conclusions.
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FIGURE 2. Schematic diagram of the topology of the full-bridge CLLC
resonant converter module.

Il. WORKING PROCESS ANALYZE OF CLLC RESONANT
CONVERTER USING REVERSE CURRENT CONTROL

Based on the market’s production compliance, electrical iso-
lation is necessary for DC transformers which connected to
photovoltaic system. So far, the basic module which con-
stitutes the DC transformer is a full-bridge CLLC resonant
converter module. The topology of a bidirectional full-bridge
CLLC resonant converter with electrical isolation is shown
in Figure 2. Among them, the electrical power semiconduc-
tor devices S11-S14 and Sp1-Sp4 constitute two full-bridge
converters, Ly, is the magnetizing inductance of the high-
frequency transformer TF. C, is the parasitic capacitance
between the coil winding layers and turns of the high-
frequency transformer TF. L;; and Ly, are resonant induc-
tances, including the leakage inductance of the primary and
secondary sides of the transformer respectively. C;; and Cy
are resonant capacitors and have a DC blocking effect; Dy;-
D14, D21-D24 and C11-Cy4, C21-Ca4q are diodes and capacitors
connected in parallel to S11-S14 and Sp1-S>4.

As described in previous, many researchers have discussed
the working process of the CLLC resonant converter with
a lot of research results [1]-[3]. Therefore, this article does
not analyze the working principle and control method dur-
ing normal conversion. Instead, it focuses on output current
control of the transformer when a short-circuit fault occurs
in the resonant converter. When a short-circuit fault occurs,
the line impedance decreases sharply, thus if wants to reduce
the transformer output current, the transformer must reduce
its output voltage. The working characteristics of DAB mod-
ule have been changed from voltage source control mode
into current source control mode after short circuit happen.
When resonance cavity of the transformer’s primary side
is working in forward direction, St1, Si4 and Sy», S13 are
pair of complementary drive signals with a controllable duty
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cycle to achieve the inverter function, and the primary side is
shifted into the phase-shifted inverter working mode. After
a further analysis to the circuit, control algorithms which
are mentioned by current references are mostly aiming to
improve the efficiency. Self-shutdown devices in the sec-
ondary side are controlled as synchronous rectification mode.
The output voltage is only dependent by shift angle in primary
side, which causes problems. Because lacking of control
parameters, adding small impedance of the circuit itself, it is
very difficult to achieve high precise control accuracy and
sensitivity to the output current, which make it very difficult
to realize the function of low voltage ride trough. In order to
solve this problem, basing on cardinal expansion principle,
this article proposes to adopt a reverse current control strategy
in which the primary and secondary sides are simultaneously
shifted and controlled separately. The working mode of sec-
ondary side H-bridge is shifting from diode rectifier into
phase shift control condition. The short-circuit output current
is basically stabilized by phase shift angle in resonance circuit
in primary side, then the reverse phase shift angle of the
secondary resonance circuit is moved to control the output
current accurately. Under this way, it can create a significant
improvement to the linearity of output current control and the
expansion of adjustment angle as well.
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FIGURE 3. The output waveforms of the main electrical parameters of the
dual independent phase-shifted CLLC resonant converter.

Based on above analysis, Figure 3 shows the waveform
analysis when considering reverse current control. In Fig-
ure 3, the PWM waveform of the secondary side rectifier
bridge control signal is shown in below. It can be noticed
that the trigger phase sequence is different from the general
synchronous rectification control, and the phase in this case is
180° shift from the general synchronous rectification control.
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There are two kinds of phase shifts corresponds to the drive
signals in secondary H-bridge. One is the lagging angle B
which relatives to the phase of the primary inverter bridge,
and the other is its conduction width «. From the circuit
topology point, it can be seen that when the IGBTs of the sec-
ondary rectifier bridge is turned on, the direction of the output
current is different from the previous moment. Since it is the
output reverse current, the average current of the transformer
will be reduced. The reduction depends on the angle 8 and
conduction width «. However, these can only change within
a certain range. The circuit operation corresponding to each
period is shown in Figure 4.

Combined with the working process which is analyzed
in Figure 3, it can be seen that a resonance period can be
divided into ten parts (see in Figure.4) since secondary side
is adding a reverse control. Due to the selection of a suit-
able angle in the secondary rectifier bridge to incorporate
the process of reducing the current, processes 2 and 7 that
are not found in the general CLLC resonant circuit. When
paying attention to the current direction, lagging angle S
and conduction angle « will determine when and how long
time the reverse direction current is added. As long as the
phases of lagging angle B and conduction angle « are selected
properly, the output current can be greatly reduced without
changing the phase shift angle y in primary side. The current
control precision and linear working space can be expanded
by control angle § and o which can further refine control
effect. It can be seen that if the primary side inverter phase-
shift control angle is added, there are three variables in the
control system that affect the final output of the converter,
which lays a solid foundation for the short-circuit current
control of the power electric transformer.

Ill. PHASE VARIABLE INTEVAL AND PARAMETER
OPTIMIZATION OF CLLC CIRCUIT

When short-circuit fault occurs in the DC loop, because loop
impedance is very small, in order to satisfy the requirement
of low voltage ride though within a certain range of output
current, it means that the working mode of the DC trans-
former has been changed from the original voltage source
type into current source type and meanwhile have a wide lin-
ear working space and high control accuracy. output voltage
of the DC transformer is very low and has a wide degree of
linear controllability. From the analysis in Section 2, it can
be known that, due to the introduction of the two control
parameters B8 and « of the secondary-side rectifier bridge,
plus the inverter phase-shift control angle y of the primary-
side rectifier bridge, there are three quantities that can be
used to control the final output voltage of the transformer.
To achieve the required linearity, sensitivity and stability
requirements of the system, these three quantities must be
coordinated on the basis of satisfying certain constraints.

It is pointed out in section 2 that the value of the control
parameter B is related to the resonance voltage of the LC
circuit and the output voltage. The relationship between the
control quantities v, f and shift angle of the primary-side
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inverter bridge y has become to the key factor of precisely
and rapidly output current control. In order to understand the
working process of the circuit more clearly, Figure 4 indicates
the details in every stages of the circuit, which should pay
special attention to the electrical stress of the switches.

It can be seen from the subfigure 1 in Figure 4 that the
circuit has the relationship as follows. In stage 1 [t;—t3],
S11 and Sy4 are turned on, uap is the voltage between point
A and B which has the same amplitude with input voltage
Uin. The current will flow to the secondary rectifier bridge
through the transformer Tg. Set the direction of the primary
current is positive, the input voltage source Uj, forces the
primary current to move toward S4 in the positive direction
through Sy, forming to a L1 -C; resonance circuit in primary
side. All self-shutdown devices on the secondary side of the
transformer are in the off state. The current on the secondary
side of the transformer flows through diode D»; to the load
and returns from diode Dy4, forming to a L2-C;y resonance
circuit in secondary side.

Stage 2 [to—t3]: S11 and Si4 remain on, and the primary
side of transformer working state remains unchanged. How-
ever, Sp> and Sj3 in the secondary rectifier bridge are turned
on by adding a forward driving voltage. As the direction
of the current is the same as the direction of the resonant
voltage at this time, the current i flows backward through
the load through S»3 and returns to the resonant circuit from
S22, as shown in process 2 of Figure 4.

The process of stage 3 [t3—t4] is the same as that of stage
1, and the relationship between the resonance current and the
load is the same as stage 1;

In stage 4 [t4—ts], due to the phase shift control on the
primary side, none of the four IGBTs are turned on. Under the
effect of the resonant circuit, the current i; continues to flow
through the diodes D1, and D3, and the voltage uap across
A and B is in amplitude. Same value as Uj, but opposite
direction, upag = —Uin

Stage 5 [ts;—t¢], the four IGBTs of the primary inverter
bridge in this stage continue to be non-conducting, but under
the effect of the resonant circuit, the current i; reverses,
and the freewheeling diode i composed of D1, and D3 It
becomes Dy and Dy4 to continue to flow, and the voltage
uap across A and B changes accordingly, uap = Usjy.

The process of stage 6 [tg—t7] -stage 10 [to—t;] is similar to
the process of the previous analysis, except that the resonance
current is reversed and will be omitted later.

As can be seen from the previous equation (1), before the
reverse side current reverse flow control process is intro-
duced, the current in a cycle is determined by the rectified
output in stage 1, and the current is flowing to the load and
external support the process of capacitor charging; When the
secondary side current reverse control process is introduced,
in the conduction angle « of Sy and S»3 in the secondary
side rectifier bridge, the current is a process of reducing
the load current, the length of the reduction time is «, and
when it is effective is controlled by the control angle B
decision. The relationship between these two parameters and
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FIGURE 4. Schematic diagram of the double-shift phase coordination control short-circuit output current circuit in each period of

conduction.

the output current will determine the current limiting control
method.

Equation (1) gives out the average output current I4ay1 from
the converter when without using reverse control method.

Uout n 0.9
Z,  (ZL+Zc)
Equation (2) gives out the average output current Ig,y2 from

the converter when using the reverse control method with
lagging angle 8 and conduction angle «.

U, 0.9

—E 4t ———— (U2

Z,  (ZL+Z4c2)
+0.9Ujp sin y)(1 4 cos (B + «) — cos B) 2)

lgay1 = -(ULc2 + 09U siny) (1)

lgav2 =

In equations above, where Zj ¢ is the resonant impedance
from the secondary side of the transformer, Uy ¢ is the effec-
tive value of resonant voltage, Uy, is the input voltage and Zj,
is the impedance of the short circuit.

Comparing equation (1) and (2), it can be found that by
introducing reverse current control, with the conduction of
under the same input voltage and phase shift control angle y,
it has a very close relationship between the average output
current and control angles.

When keeping fixed value of phase shift angle y, by select-
ing proper lagging angle 8 and conduction angle «, it will
provide great benefit to increase control sensitivity and lin-
earity. Figure 5 shows the relationship between the output
average current Igav2 and o, B at two different y values.
Figure 5a and 5b are represent the situation of y = 180°
degree and 90° degree respectively. It can be seen that the

143416

1200 4

1000 -

BOD -

= 600+

400 -

200

16 T [+2:]

alpha beta

(b)
FIGURE 5. The relationship between output current iy and «, 8 at
different y. (a) The relationship between output voltage and «, 8 when
y = 180°. (b) The relationship between output voltage and «, 8 when y =
90 °.

linearly of the output current gradually deteriorates with
the increase of the lagging angle , meanwhile the linear
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workspace of conduction angle « is within a certain range,
therefore, in order to achieve a good control effect, the three
quantities must be coordinated very well.

Another advantage of introducing inverted displacement
phase control is the voltage stress reduction of switches when
compare with traditional control strategy. Seeing Figure 3 and
Figure 4, without inverted control, voltage stress of IGBT
switches in the secondary side of the transformer is the sum-
mation of peak voltage Uy from secondary side and peak
voltage of resonance loop Upcr. Considering the applica-
tion redundancy, voltage tolerance of these semiconductor
switches is still a problem that cannot be ignored. After
introducing reverse control, by controlling the lagging angle
B and conducting angle « properly, it is possible to change
the area where the peak voltage of Usy+ Ur 2 can be turned
into conduction area. Therefore, the IGBT switch was origi-
nally turned off does not need to withstand the high voltage,
which can greatly reduce the voltage stress of the IGBTS in
secondary side. This phenomenon can be noticed when see
Figure 6 which describes the waveform of the secondary side
IGBT voltage stress. From the figure, voltage stress is greatly
reduced up to 40% when applying reverse control.
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FIGURE 6. The IGBT voltage comparison diagram with and without
reverse current control. (a) IGBT voltage comparison diagram without
reverse current control. (b) IGBT voltage comparison diagram with reverse
current control.

IV. RESEARCH ON TRANSFORMER OUTPUT CURRENT
LIMIT CONTROL METHOD

As well known, in normal operation mode of resonance DAB
converter, its output is characterized as a voltage source,
which stabilize the output voltage in a certain level. When
a short circuit happen to the output side, the converter itself
needs to have the low voltage ride through ability, that is
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to maintain a certain output current. The amplitude of this
current and the maintenance time are determined according
to the short circuit voltage level. In this way, the output
voltage of DAB converter is no longer stabile, but to keep
the current at a certain value. How to control the current to a
constant value according to the characteristics of the resonant
circuit has become the primary task of the converter control
algorithm.

A. MATHEMATICAL MODEL OF THE RESONANT
CONVERTER IN CURRENT OPERATION MODE

The circuit structure of the resonant converter is shown in Fig-
ure 2, the equivalent circuit diagram can be made when
it starts to work in current source mode by combing with
its working principle and usage of T-type equivalent circuit
model (see Figure 7).

Lo

Ru

FIGURE 7. Equivalent circuit diagram of resonant converter combined
with reverse current control.

In Figure 7, Lp is the primary inductance of the isolation
transformer and Ly, is the magnetizing inductance. The above
two parameters are all converted to the primary side. L;; and
C;1 are form the primary resonance circuit, Ly and Cy are
form the secondary resonance circuit. Combined with the
current reverse control method stated above, the circuit can be
divided into two parts, one part is the secondary side circuit is
not in conduction area which is shown in Figure 8a, another
part is the secondary side circuit is in conduction area as
shown in Figure 8b. The direction of transformer’s secondary
side voltage and LC resonance voltage’s direction is shown
in Figure 8a. Comparing Figure 8b with 8a, the direction
of the two voltages has been changed since the IGBTs are
working in conduction area «. To simplify the analysis, set
the transformer transformation ratio to 1: 1. According to
the working principle of the resonant converter, in order
to improve the efficiency, the resonant converter generally
works near the resonance frequency point, and the current
waveform is approximately sinusoidal. Under this situation,
the resonant converter is equivalent to a linear network to ana-
lyze its input and output characteristics. Meantime, assuming
that the voltage u» + uy c2 in secondary side after entering the
conduction region « is uniformly expressed by u.

When a short-circuit fault occurs, according to the working
principle of reverse current control, the controllable output
voltage source u. is used in the equivalent circuit of Fig-
ure § to illustrate the control function. If the resonant circuit
works normally to transmit power, u. does not work and its
output voltage is zero. By using the principle of superposition,
it needs to find out the effect of the output voltage uap on
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(b)

FIGURE 8. Equivalent circuit diagram of resonant converter when
considering reverse current control. (a) Equivalent circuit without reverse
control. (b) Equivalent circuit with reverse control.

the output current in the primary-side using phase-shifting
control. It can be concluded that the relationship between the
output current ipj] and the primary-side voltage uap is:

. Zm 1

H (o, = 2L = nta L 3)
) =2 _ . L
UAB Zr1 + Zrzz_-cmL Zr2 + Zeq <L

Here ws is the switching angular frequency. Equation (3)
can be obtained after the simplification:

H(jws) = a)sLm/[(werl - + wsLm) (wsLy + Rr)

wsCrl
+ j(@ L Ly — ==
J( s Lr1Llm Chh
2 Lm 2
+ wy LyyLy, — + wy LyiLy
Cr2
Ly 1 L

L, L @
Cr1 a)s2 Cr1Cr Cr

The imaginary part of the denominator at resonance is 0,
that is:
Ly, Ly, Ly

2
@;(Ly1Ly + LyoLy + Ly L) — Ci Cn  Co
Ly 1 —
Cr2 Cl)%crlC}’Z

Then the relationship between the output current ip;, and
the primary side inverter phase shift control voltage uap is:

&)

wsLy,

i =
(a)‘erl - ﬁ + a)sLm) (wsLy + Rp)

~uap  (6)

When the short circuit occurs, u. starts to work, and the
relationship between this voltage and the output current i>,
can be derived as follows:

wsCra

j(w_%LrZCrZ -1+ CU%LLCrZ) + (0sCr2RL)

i = ~uc (7)

Similarly, in resonance situation, the part of a)szLﬂ Cp—1
the denominator is 0, then:

1

- 8
J(wsly) +Ry) He ®

i =
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FIGURE 9. Block diagram of short-circuit current controller.
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FIGURE 10. The control strategy program flow chart.

Combining these above two parts, considering the control
voltage direction, output current i, is achieved after the
current reverse control is introduced when in short circuit:

. wsLy,
= )
(Cl)erl ~ ool + Cl)sLm) (wsLy, +Rp)
1
J(wsLy) + Ry)

* UAB

uc &)

It can be seen from (9) that the output current of the
transformer during the short circuit is related to two parts,
one part is the phase shift control voltage uap on the primary
rectification side of the transformer which involves the phase
shift control angle y at primary side. The other is related to
the control voltage u.. The size of u is related to the control
lagging angle 8 and conduction angle o, which brings a lot of
flexibility. Of course, the control will be more complicated.

B. OUTPUT CURRENT REVERSE CONTROL METHOD

The number of phase shift variables to control output current
from resonance converter has increased from one to three
by introducing a current reverse control strategy. Of course,
lagging angle B and conduction angle o on the inverter
side is finally reflected by the control voltage u.. Therefore,
designing of a reasonable control strategy is vital to result a
maximum advantage by using these three control quantities.
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FIGURE 11. Simulation results on different inverse phase angle y and conduction angle «.

The basic idea of the design is to use the pre-decision
speed of fuzzy control and to make full use of the good
following control performance of PI controller. According to
the current reference value during low voltage ride through
and the partition where y is located, the primary side volt-
age uap is determined first, then determine whether there is
a suitable conduction width (angle «) to ensure that there
is enough adjustment interval. Next, determine whether the
lagging angle B is in the range with the best linearity. When
all these conditions are met, the control angle « is adjusted
to realize the change of the output current of the converter
according to the required value. Due to the uncertainty of the
location of the short circuit, these quantities are not static.
In the early stage, the control effect can be optimized through
the combination with actual engineering and through self-
learning and self-adaptive on-site parameters. The structured
block diagram of the designed control system is shown in
Figure 9.

G1(s) is the transfer function of converter’s secondary
side, Z(s) is the line impedance when short circuit situation
happens.

U)sLm

Gl(s) = (10)

( erl

+ a)SLm>
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The control algorithm is realized in dSPACE platform.
According to the system control requirements, when a short-
circuit fault occurs on the external line, line voltage ud
decreases rapidly, controller will set the reference current
according to the low voltage ride through requirement bas-
ing on the real measurement voltage. Due to the uncertain
location of the short circuit, the output voltage of converter
will also change from high to low with the distance of the
short circuit location. From the characteristic curve of low
voltage ride through, it can be seen that the output current
required at this time will vary with the magnitude of the
short circuit voltage. Such characteristic output requires the
controller to have good tracking control ability. According to
the fuzzy PI control strategy, control program flow chart is
shown in Figure 10.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

According to the analysis results in the article, the working
conditions of the resonant converter at different angles of
y, o and B are simulated through simulation to verify the
possibility and rationality of the control method. In-depth
understanding of the impact of the conduction angle « on
the output voltage of the resonant converter at different con-
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duction widths. Figure 11 shows the simulation results of
different inverter phase shift angle y and conduction angle
a.

It can be seen from the figure that as the inverter phase
shift angle y and conduction angle « change, the output
voltage and current will also decrease, and the current can be
effectively controlled. Corresponding to each inverse trans-
form phase angle y, the conduction angle o can be fine-
tuned. It shows that through the control cooperated between
these three angles, the control amount can be made more
precisely and meet the requirements of current control in
higher precision.

In order to verify the above short-circuit current reverse
control algorithm, a hardware-in-the-loop experimental sys-
tem based on dSPACE and Plecs RT box platform was built.
The experimental platform is shown in Figure 12, and above
circuit topology and control method are comprehensively
verified on this platform. Table 1 shows the main parameters
of the circuit.

FIGURE 12. Hardware-in-the-loop experiment system.

Figure 13 shows the output voltage and current experi-
mental waveforms of several groups of circuits with different
inverse phase angle y and conduction angle «, which ver-
ifies the correctness of the control method described above.
Figure 13ais the experimental waveform when phase shifting
angle y =40%, lagging angle 8 = 20% and inverted conduc-
tion angle « =40%. Figure 13b is the experimental waveform
when phase shifting angle y = 40%, lagging angle 8 = 20%
and inverted conduction angle o = 20%. Figure 13c is the
experimental waveform when phase shifting angle y = 20%,
lagging angle 8 = 20% and inverted conduction angle o =
40%.

TABLE 1. List of main parameters of resonant converter.

Uin 1000V n 2: 1
Ly 20.5uH Lo 40uH
Cn 100nF Cp 750nF
L 1000pH Cout 100uF

Figure 14 shows the operation of the CLLC module output
in the DC transformer based on different short-circuit output
current reference values. Seeing from Figure 14a, when out-
put current changes from a relatively large value to a small
value, current controller can finish this procedure within 2-
3 resonance periods, which indicates a good current control
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FIGURE 13. Experimental waveforms of the output voltage and current of
the resonant converter circuit. (a) Experimental results with y = 40%, g =
20% and « = 40%. (b) Experimental results with y = 40%, 8 = 20% and
« = 20%. (c) Experimental results with y = 20%, 8 = 20% and o = 40%.

performance. Figure 14b is showing the current controller
controlling the output current according to the predetermined
output current. The current waveform changes uniformly,
reflecting that the controller has good following control per-
formance. Figure 14c is the process of the controller control-
ling the current from small to large value, which the output
current curve changes smoothly.

It can be seen from the figure that facing to different
output voltages when short circuit happen, the transformer
can satisfy the requirements of stabilized output current thus
can full fill the function of low voltage ride though.

VI. CONCLUSION
The CLLC type resonant conversion circuit can satisfy the
operating conditions of ZVS and ZCS in most of the output
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FIGURE 14. Experimental results of dynamic changes of output current
with different settings. (a) y angle remains unchanged and the output
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current drops by 100%. (c) y angle remains unchanged and the output
current rises 50%.

power range. The DC transformer based on this type of con-
verter has high efficiency and is widely valued, especially as
grid connected interface device for renewable energy source
of DC distribution networks. To meet the requirements of
low-voltage ride-through for the function of grid-connected
power generation equipment, the current control character-
istics must be studied. By analyzing the working principle
of the circuit, this article proposes a reverse current control
method, which can expand the output current control sensitiv-
ity of the DC transformer under the condition of short circuit
fault of the external line. Through the phase shift control
angle of the primary inverter, and the secondary side rectifi-
cation, the control between the conduction angle of the bridge
and the angle difference between the primary and secondary

VOLUME 8, 2020

sides enables the DC transformer to meet the requirements
of controlling its output current according to its port voltage
when the line short circuit occurs. Simulation analysis and
hardware In-loop experiments verified the correctness of the
proposed method.
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