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Smooth Power Direction Transition of a
Bidirectional LLC Resonant Converter for DC
Transformer Applications

Jakub Kucka

Abstract—The bidirectional LLC resonant converter operated
at fixed switching frequency is a preferable candidate for a true dc
transformer that does not actively control the power flow. This is
due to its naturally stiff voltage ratio regardless of the imposed load,
its low switching losses, and a stable open-loop behavior. However,
in the open-loop operation, determining the required operation di-
rection of the converter is a challenge, which needs to be addressed.
This article investigates good design practices for a smooth power
direction transition and discusses different strategies for estimating
the required operation direction. Moreover, it proposes a new active
bridge switchover (ABS) method that is based on an observation
of the peak currents in the resonant tank. The proposed method is
robust and does not require high precision of the current sensors.
The properties of the method are studied using simulations and
its practical feasibility is validated experimentally on a low-voltage
prototype. This article is accompanied by a video demonstrating
the effectiveness of the ABS method in the real time operation.

Index Terms—Bidirectional operation, DCX, dc transformer,
fixed frequency, LLC converter, resonant, solid-state transformer.

1. INTRODUCTION

ITH ever dropping prices for power electronic convert-
W ers, dc grids are becoming a conceivable solution for
small-to-large scale power distribution. While the development
is relatively slow in utility grids [1], there are many other
applications that are proactively investigating and testing dc
power distribution networks. Marine applications are leading
the way [2], [3] supported by several demonstration projects
around the world [4], [5]. The evolution to large scale dc grids is
currently prohibited by the insufficiently developed technology
and the lack of standards [2]. One of the key components that
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is not entirely solved is the dc transformer, also referred to as
dc—dc solid-state transformer, required for providing isolated
interconnection between the grid areas.

In the system concept that we follow, in literature often
branded as DCX, the dc transformer is a component that shares
a lot of properties with the conventional ac transformer. Hence,
it should behave as a passive component that naturally transfers
the power according to the state of the connected grids. The
required properties can be summarized as follows:

1) high efficiency;

2) bidirectional operation;

3) galvanically isolated power transfer through a medium-

frequency transformer (MFT);

4) arbitrary value of voltage ratio;

5) weak dependence of the voltage ratio on the transferred
power (stiff voltage-ratio loading characteristic; ideally,
the voltage ratio should emulate resistive voltage drop
according to converter losses to ensure most efficient
power flow); and

6) operation without any knowledge or data regarding the
connected dc grids and without the necessity of commands
from a grid operator.

Furthermore, the dc transformer should generally offer some
kind of protection services such as limiting the overcurrents or
an option to disconnect the grids as a solid-state switch.

In literature, many isolating dc—dc converters based on dual-
active bridges (DABs) [6], resonant-tank DABs [7], controlled
resonant converters [8], [9], or modular multilevel converters
(MMCs) [10], [11] have been proposed for such applications.
Nevertheless, these solutions have to employ closed-loop con-
trol to keep the weakly damped currents of the MFT stable.
Although the closed-loop control is a common well-established
solution in power electronics, it implies that a power setpoint
is required. This, however, means that either the grid operator
must provide the power commands or that the power transfer is
controlled according to some droop based on the ratio of the
dc transformer voltages. Due to the relatively low precision
of the available dc-voltage measurement sensors, the droops
have to be set for relatively large voltage drop (several percent
instead of the typical one to two percent representing the losses).
As a consequence, the power flow in large scale grids with
high number of parallel paths and dc transformers would not
necessarily follow the path of lowest resistance. In summary,
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these solutions do not comply with the requirements listed
above.

The second approach to the dc transformer realization is
based on resonant converters operated in open loop at a fixed
switching frequency near the resonant frequency. The solutions
from literature [12]-[23] mostly employ some variant of the
LLC resonant converter to provide basically all of the aforemen-
tioned properties. The resonant nature of the converters enables
zero-voltage and zero-current switching (ZVS and ZCS) that
leads to low switching losses and the operation near resonant
frequency naturally achieves very stiff current-voltage charac-
teristics without any control loops or additional grid knowledge.
In the case of overload, an additional closed-loop controller can
be theoretically implemented to limit the overcurrents through
changing the duty cycles and the switching frequency (even
without the loss of ZVS and ZCS [24]). The main remaining
challenge is a smooth bidirectional operation, since the LLC
converters are conventionally designed for unidirectional power
flow. Unlike in the closed-loop operation of the LLC converters
where the power direction is given by the power setpoint, one
of the particular problems arising with the open-loop LLC
converter operation at fixed switching frequency is the necessity
to recognize in which direction the converter should be operating
in that particular moment.

In literature two groups of solutions have been proposed
regarding this issue:

1) observing the voltage gain of the converter to decide the

power direction [9], [25]; or

2) a concurrent switching at both converter sides to achieve

a true seamless bidirectional operation [17]-[23].

Nonetheless, the first solution would require high-resolution
offset-free measurements of the dc-link voltages to estimate
the exact instant when the voltage gain reached the value in-
dicating zero power, required for smooth direction transition.
Such voltage measurement is challenging, since the voltage-
gain loading characteristic is very stiff. Hence, the practical
solutions use some hysteresis that changes the direction of
converter operation only when the voltage gain ratio reaches
some value outside of the usual operating range [9]. Since
such high voltage-gain mismatch would cause very high inrush
currents, the direction is reversed using some method for current
limiting (a soft-start scheme such as that in [26] or a closed-loop
current controller [9]). However, this means that the converter
operated with this power reversal strategy possesses strongly
nonlinear and partly discontinuous behavior at low powers,
which is demonstrated in [9]. This is likely to cause some
stability issues at large-scale dc grids and it is even a challenge
to do some large-scale study regarding this problem because of
the described heavily nonlinear behavior.

Despite its clear advantages regarding the quality of the power
direction transition, the second solution relies on a relatively
precise knowledge of the converter circuit. Since both converter
sides are operated concurrently, the converter includes a parasitic
resonant DAB. Hence, the tank needs to be excited at the exact
resonant frequency to avoid an undesired power transfer. The
stability of operation can be reinforced by a careful design of
delay times between the switching signals of the bridges [21]
or by an online estimation of the resonant frequency [20].
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Nonetheless, the operation requires switching at both sides at
all times. Even though, this can be seen as an advantage when
unipolar switches (e.g., MOSFETs) are applied, since the active
rectifying is likely to lower the conduction losses, with bipolar
devices (e.g., IGBTs) this only increases the switching losses
and thus diminishes the dc transformer efficiency. Hence, the
concurrent switching is mainly advantageous for converters with
unipolar devices and well-known parameters of the converter.

In this article, a new active bridge switchover active bridge
switchover (ABS) method, based on observing the peak currents
at the resonant tank, is proposed. This requires only two simple
ac-current sensors with low precision and leads to a robust
behavior, insensitive to variation of resonant tank parameters.
Furthermore, the article proposes good practices for the design
of the resonant tank for obtaining a smooth linear voltage gain
loading characteristic and shows the implementation of the novel
method. The feasibility of the method is demonstrated through
simulations for medium-voltage high-power dc transformer
and experiments on low-voltage low-power dc transformer
prototype.

In the following section, Section II, the studied topology is
presented and the model for the design investigations is derived.
Section III investigates good practices for the LLC-converter-
based dc transformer, thereby answering two questions.

1) Whatis the most desirable switching to resonant frequency

ratio for smooth converter operation?

2) What is a good design practice for the design of the
resonant-tank series impedance 7 (represented by the
quality factor at the rated power Qn)?

After the design practices have been set, the proposed ABS
method for the decision of the operation direction is presented
and explained in Section IV. The feasibility of the method
(together with the design practices) is validated by simulations
in Section V and the experimental validation on low-voltage
prototype follows in Section V1. Finally, the conclusion is drawn
in Section VII.

II. STUDIED TOPOLOGY, MODEL, AND ASSUMPTIONS

The dc transformer that is the subject of the studies presented
in this article is depicted in Fig. 1. The dc transformer is con-
nected to two dc grids: Grids 1 and 2 at the respective dc-link
terminals. The voltages of these grids are controlled by other
grid-building converters located somewhere in the grid. Since
the power transfer should be truly bidirectional, without a pre-
ferred direction, the resonant tank is constructed as a symmetric
CLLC with split capacitors around the MFT. This solution has
been proposed for bidirectional power transfer first in [8]. The
power electronics part consists of two bridges Bridges 1 and 2
that are constructed as full-bridge converters. In the conventional
operation presented here, only one of the bridges is actively
switched at a time while the other is operating as a passive
rectifier. The active bridge is operated in a complementary
manner with a 50% duty cycle. Although the studies provided
in this article utilize full-bridge converters, the results apply to
half-bridge converters as well.

For the design studies in this article, the dc transformer is
represented by an equivalent model depicted in Fig. 2. As can
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Fig. 2.

Model of the dc transformer from Fig. 1 used for the investigations in this article. All the values are referred to the primary side of the MFT. All the losses

are represented by two resistors R),gs. Grid 1 is assumed ideally stiff and Grid 2 is used to set the required transferred power via adjustable current source.

be seen, the currents and voltages of the model are related to the
primary side:

. .
) 1 7

r,2 _ T,2

. =—-. (1)
Ydc,2 n tdc,2
v Vy.o

r,2 =n- ) . (2)
Udc,2 Udc,2

Furthermore, the resonant capacitor C,. is assumed to be split
symmetrically between the converter sides

Cr1:2’0r
CT2:n2‘2~Cr

3)
“

The parameters of the MFT do not change (Ls = L1, L, =
Lyy,,1), since these were already related to the primary side. In
the model, the load-dependent losses are represented solely by
two resistors R),ss inserted in the resonant tank. Their values
are selected to match the required efficiency at the rated power
nn. The load independent losses, e.g., the switching losses, are
neglected in the model.

In the simulations, the voltage of Grid 1 is assumed absolutely
stiff, modeled with a constant voltage source Vg i, and the
power flow is set by the second grid, by adjusting the current
of the ideal current source iilc,2 connected to the dc link of
Bridge 2.

The simulation models were implemented in Mathworks
Simulink using Plexim PLECS toolbox to model their electrical
part according to Fig. 2. The ABS method is implemented in the
native Simulink environment.

III. CONVERTER DESIGN

In this section, the impact of the converter design on the
voltage characteristics is explored with the goal of deriving good
design practices. To provide as generalized results as possible,
the study results are provided in p.u. values related to the rated

power Py, the switching frequency f of the converter, and the
rated voltage of Grid 1 Vi 1.

In the following design study, the peak rated magnetizing
current i Lm 1s selected to be 20% of the rated dc current Iqc 1:

Py

—02. N
Vdc,l

m = kILm . Idc,l =02 Id(:,l (5)
This value represents =~ 12% of the rated peak resonant current
and has been selected low enough to guarantee low turn-OFF
losses and high enough to ensure zero-voltage turn ON for the
switches of the active bridge. Note that this value should not be
understood as a universally optimized practice for the design,
but rather as a realistic example used to derive general good
design practices for LLC-converter-based dc transformers. In a
real design, the characteristics of the applied switches should be
considered carefully to determine the most suited peak magne-
tizing current [27].

The rated peak magnetizing current iLm determines the re-
quired magnetizing inductance L,,, of the MFT, using the fol-
lowing approximation from [28]:

o = el ©)

The design values for the stray inductance L4 and the resonant
capacitance C,. are determined by the required series resonant
frequency

1

b=y 7

and the required series impedance

L

o =
0 Cr

®)
of the resonant tank. For generality, the resonant frequency
is further related to the switching frequency: fs/fo, and the
impedance 7 is related to the rated power and the rated voltage



6268

N~ 99 % N ~ 98 %
~1.02 Ont OnT
o £
=]
TR
¥
=3
> 0.98
~1.02

1, =1
Voltage Gain (

—_

fs/fo =1.1
Voltage Gain (-)

o
o
=

-1 -0.5 0 0.5
Transferred Power (p.u.)

1-1

-0.5 0 0.5 1
Transferred Power (p.u.)

Fig.3. Dependence of the voltage gain G on the power transferred from Grid
1 to Grid 2 related to the rated power for different factors QQn varying from 0.05
to 0.5 (in the direction of arrows). The graphs show results for three different
relative switching frequencies fs/ fo and two efficiencies at the rated power 7.
For positive powers, Bridge 1 is actively switching, for negative powers, Bridge
2 is active. The figure demonstrates that the best behavior is achieved when the
dc transformer is operated at the resonant frequency.

via the quality factor of the equivalent circuit at the rated power

2o 2o
= = — 9
QN Rac ' V(12c,1 ( )
72 Pn

usually applied in the literature (e.g., [28]).

To study the voltage characteristic, several hundreds of simu-
lations have been carried out, varying the transmitted power,
the quality factor at rated power Q)n, the relative switching
frequency fs/fo, and the efficiency at the rated power ny. In
each simulation, the voltage gain
_ Vde,2 " 1 ( 1 0)

Vde,1

!
G — Udc,?
Vdc,1

is evaluated at the steady-state operation, leading to results
shown in Fig. 3. Note that, in this narrow range of studied
operating points, the first-harmonic analysis, typically used for
LLC converter analysis, is too inaccurate (up to 3% error in the
studied range reported in [8], while the expected voltage-gain
variation in this range is only +2%) and thus, the time-domain
simulations have to be used.

Fig. 3 shows that for the operation exactly at the resonant
frequency (fs/fo =1, middle row), the converter statically
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behaves as a resistor with losses that correspond to the converter
load-dependent losses (voltage gain drop of 0.01 at the rated
power for ny = 99% and 0.02 for ny = 98%) independent of the
rated quality factor . This is a very welcome behavior, since it
guarantees the optimum efficiency power flow in large-scale dc
grids. The discontinuity observable near zero power is caused
by the discontinuous current operation appearing at low tank
currents due to the parasitic resistances Rjoss.

The operation of the converter below the resonant frequency
(fs/fo = 0.9; upper row of Fig. 3) shows similar behavior; how-
ever, an offset is added to the voltage gain curve depending on the
sign of the transferred power and the factor ()x. Generally, the
higher the rated quality factor Q) the further is the characteristic
from the ideal “resistor-like” and a smooth power transition
becomes less feasible.

Similar observations can be made for the operation above the
resonant frequency (fs/fo = 1.1; last row of Fig. 3) but the
offset has a different sign and increasing the (Qn factor impacts
the slope of the curves as well.

In summary, the best behavior of the converter can be achieved
independently of the @)x factor when the LLC converter is
operated at the resonant frequency. Hence, this is the desired
operation point of the dc transformer.

Nevertheless, in hardware design, a switching frequency value
might be selected slightly lower than the resonant frequency to
ensure a constant turn-OFF current. Moreover, the parameters
of the resonant tank are generally subject to manufacturing
tolerances and they change slightly during the operation due
to the temperature variation and aging. Therefore, a close at-
tention needs to be paid to the impact of the relative switching
frequencies fs/ fo on the voltage gain.

In Fig. 4, simulation results for six different converters de-
signed for Qn € {0.1,0.3,0.5} show the impact of relative
switching frequency variation in the range f5/fo € [0.95, 1.05].
This range can be attributed either to an estimation error of the
resonant frequency of up to 5% or to an up to 10 % variation
of the stray inductances (or the resonant capacitances) during
the dc transformer operation due to, e.g., temperature changes.
Fig. 4 clearly shows that the variation of the switching to resonant
frequency ratio has less significant impact for lower rated quality
factors Q. Hence, if the rated quality factor Q) is selected low
enough, there is only a minor impact of the parameter variation in
the resonant tank (C'. and L) on the static loading characteristic
of the dc transformer, since such variation of parameters slightly
modifies both Qn and fj (both @n and fy depend on the square
root of the resonant tank parameters C,. and Ly). In conclusion,
the good design practice is to keep the rated quality factor Qn
as low as possible.!

A typical constraint for the lowest value of Qy is the feasible
construction of the MFT. The desired low values of Qy are
achieved for low values of 7, which basically means that the
stray inductance of the transformer L ¢ should be minimized [see
(9) and (8)].

A similar observation has been made during design processes in [13] and
[16] for the simple goal of stiff voltage ratio requirement.
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Fig.4. Dependence of the voltage gain G on the power transferred from Grid 1

to Grid 2 related to the rated power for different relative switching frequencies
fs/ fo varying from 0.95 to 1.05 (in the direction of arrows). The graphs show
results for three different factors Qn and two efficiencies at the rated power
nn. For positive powers, Bridge 1 is actively switching, for negative powers,
Bridge 2 is active. The figure demonstrates that the impact of resonant-frequency
variation is lower for dc transformers with low Q.

For the simulations of the proposed method in Section V, the
rated quality factor Qn = 0.1 is selected. Based on the current
experiences, this value is feasible and results in parameters
of the resonant tank that are possible to realize as integrated
inductances of the MFT [29].

IV. PROPOSED ABS METHOD FOR POWER REVERSAL

Since the dc transformer is operated in the open-loop with
a constant switching frequency, it does not obtain any external
power setpoint and its operation direction (i.e., which bridge
should be actively switched) needs to be decided internally.

The proposed method for deciding on the operation direction
is based on observing the power transferred between the dc-links
of the converter over the resonant tank. The idea is that once the
transferred power drops below a certain threshold, the currently
active bridge is deactivated and the other bridge becomes active.
This guarantees that the converter operates in the correct power
direction when the absolute value of the power is above the
defined threshold.

When the required power is below the defined threshold, the
bridges are activated alternately, delivering the required power
flow as a long-period mean value. Another consequence is a
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Fig. 5.  FSM of the proposed method.

light, and likely acceptable, oscillation of the voltage gain at
such low powers.

The most efficient way to observe the resonant-tank power
transfer is indirect by observing the peak values %r,l and ir,g
of the resonant-tank currents ¢, ; and %, 2, respectively. Since
the current on the side of the currently active bridge contains
the component of the magnetizing current as well, that does not
transfer any power, the tank current on the rectifier side (i, 1
or 4,2, depending on the currently active bridge) is utilized to
estimate whether the power threshold has been crossed. This
strategy can be translated into the finite-state machine (FSM)
scheme displayed in Fig. 5.

As Fig. 5 shows, either Bridge 1 is active (and Bridge 2 func-
tions as a passive rectifier), or the Bridge 2 is active (and Bridge 1
functions as a rectifier). The transition between these two states
is decided one time each switching period 1/ f; depending on the
absolute value of the peak resonant-tank current on the rectifier
side (|7,.1| when Bridge 2 is active and |, »| when Bridge 1 is
active). The corresponding threshold values

(11)
12)

Ir,th,l = I’r,th

Ir,th,? n- Ir,th

are set to ensure that the offsets of the current sensors cannot
cause an assumption of a nonexisting power flow. This can be
achieved by selecting the threshold value I, ), with a sufficient
margin from the worst-case offset and the noise of the current
sensors and the utilized analog-to-digital converters (ADCs). In
this article, the threshold value is set to 5% of the rated dc current
I4c,1 (this corresponds to ~ 3% of the rated peak resonant
current), which should generally provide enough margin for the
typical current-sensor offsets.

With this method, only one value captured at each resonant
peak of the corresponding resonant current is sufficient for the
operation-direction decision. It only has to be ensured that the
offset value of the current sensors is below the selected threshold
value. The method is not particularly sensitive to gain errors,
since these only virtually change the threshold value and thus
increase or decrease the power range at which the alternating
operation is present. Furthermore, not capturing the measured
current value exactly at the peak can be viewed as a small gain
error, and thus it is not critical either.

There are several options to implement the proposed ABS
method in practice. It can be realized purely in hardware, apply-
ing an analog comparator and a resettable register to evaluate
if the threshold was hit within the period. Alternatively, the
peak currents can be estimated by capturing their value at one
fourth and three fourths of the switching period 1/ f, (the latter
is theoretically sufficient, since it contains a more up-to-date
information). A timing diagram is displayed in Fig. 6, showing
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Fig. 6. Example demonstrating the timing of the sampling (labeled by arrows

with “sample”), time available for the decision on the operation direction (labeled
as “decide”) and the time at which the operation direction is updated (labeled
by arrows with “update”).

the sampling times (labeled as “sample”), the time for processing
the FSM (“decide”), and the time point at which the operation
direction is updated (“update”).

Note that the direction could be theoretically updated
two times per period (at both rising and falling edges) to
improve the response time of the dc transformer. However, this
practice can excite the weakly damped “secondary” resonant
circuit composed of the magnetizing inductor and the resonant
capacitors. Therefore, it is recommended to update the operation
direction only at one of the edges (e.g., rising edge as shown in
Fig. 6).

In practical applications, the sensor offset can be corrected
from drifting, since the measured current is an ac current (e.g.,
by using the mean value of both sampled values). Furthermore,
some measurement redundancy can be achieved by removing the
predicted magnetizing current value from the measured current
of the active bridge. If required, the peak resonant current can
be also estimated by measuring the change of the corresponding
resonant capacitor voltage at the rising and falling edges. Then,
the switchover thresholds are set according to the voltage sensor
noise to ensure that the required operation direction is estimated
correctly.

Moreover, it is important to note that the proposed ABS
method has a positive effect on the discontinuity near zero
power in the characteristics shown in Figs. 3 and 4. This is
because the FSM changes the active bridge before the nonlinear
discontinuous-current operation of the LLC converter begins. As
a consequence, it should be ensured in practical applications that
the selected value I, 1}, is above this nonlinear region. In practice,
the sufficient value can be estimated either via simulations or
in experiments. The absence of this nonlinear discontinuous
region with the proposed method will be validated in the next
section.

V. SIMULATIONS

To demonstrate the properties of the proposed ABS method,
a series of time-domain simulations has been carried out.

To show the performance at different power profiles while
omitting the dynamics of the connected dc grids, the combina-
tion of the constant grid voltage V. 1 at Grid 1 and adjustable
grid current ¢4 2 that sets power at Grid 2 is applied in these
simulations as well.
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TABLE I
SIMULATION PARAMETERS

Rated Power PN 10 MW
Rated Voltage Grid 1 Vae,1 5 kV
Rated Voltage Grid 2 Vae,2 10 kV
Switching Frequency fs 5 kHz
Efficiency at Rated Power N 99 %
Threshold Current Ir th 100 A
Rated Quality Factor QN 0.1
Resonant Frequency fo 5 kHz
Transformer Ratio n 172
Stray Inductance Ls1 6.45 uH
Magnetizing Inductance L1 625 uH
Resonant Capacitance 1 Cr 314.16 uF
Resonant Capacitance 2 Cr2 78.54 uF
Equivalent Loss Resistance (primary side) Rigss,1 10.13 mQ2
Equivalent Loss Resistance (secondary side) — Rjoss,2  40.53 mS2
DC-link Capacitance Cac,2 8 mF

For the following performance studies, two power profiles are
applied:

1) astep from the negative rated power to the positive rated
power to demonstrate the dynamics of the worst case; and

2) slowly increasing power from the negative rated value
to the positive rated value, changing the operating point
quasi-statically, thus showing a wide range of operating
points.

A. DC Transformer Parameters

The parameters for the simulated dc transformer are listed
in Table I. These parameters represent a 10 MW 5 kV/10 kV
dc transformer. Since the simulated example is a high-power
medium-voltage application, the operating frequency has been
chosen relatively low at 5 kHz. The rated efficiency is selected
to be 99%, since low losses represent the worst-case scenario in
terms of damping (and thus converter stability). As mentioned
before, the threshold current is 5% of the rated primary dc current
and the required turn-OFF current is 20% of the same. The quality
factor was selected to be Qn = 0.1 and the converter is operated
at the resonant frequency (fs/fo = 1).

The rest of the parameters can be determined according to
the design process described in Section III. Note that the se-
lected parameters represent only an example with the purpose to
demonstrate the novel ABS method. The lowest possible quality
factor Q) is subject to lowest achievable stray inductances of the
MFT. Nevertheless, these can be determined only via a detailed
MFT design process such as that in [30] and is out of scope of
this article. The dc-link capacitance was selected high enough
to allow for well-damped behavior during the load steps. The
detailed design of the dc-link capacitances will be addressed in
the future research.

B. Performance at Worst-Case Load Step

Fig. 7 shows the performance of the converter at the worst-
case load step from the rated negative power — Py to the rated
positive power Py applied at a time instance tgip = 5Sms. As
abovementioned, the power is set by the current of Grid 2 74 2.
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Fig. 7. Operation of the dc transformer employing the proposed ABS method
at a fast power transition from negative rated power to positive rated power.

At the time ¢ = 0, the converter operates in the steady state.
Bridge 2 (B2) is active and Bridge 1 (B1) operates as a passive
rectifier. The voltage at the secondary dc-link vqc 2 has settled
at a value according to the gain characteristic (since the primary
dc-link voltage is constant Vi 1).

Once the power step is applied at the time ¢4, = 5 ms, it can
be seen that the converter initially continues to deliver the power
according to the voltage gain characteristic. The dc-link capaci-
tor C'qc, 2 is hence being discharged from both sides (Bridge 2 and
Grid 2) and its voltage drops rapidly. Consequently, the voltage
gain approaches G = 1 and the transferred power through the
resonant tank (resonant currents %, 1 and %, o) decreases. Only
after the dc-link voltage crossed vgc,2 ~ 10kV (which corre-
sponds to voltage gain G = 1), the current is led to zero with a
short delay, typical for LLC converters [31], and the threshold
on the rectifier side (Bridge 1) is crossed. Then, Bridge 1 is
activated and the currents in the resonant tank increase until the
steady state at the positive rated power is reached.

In summary, the power reversal at the rapid load step is
performed smoothly and stably.

C. Performance at Slow Power Sweep

In the second simulation, plotted in Fig. 8(a), the power is
swept slowly from the negative rated power to the positive rated
power in a linear ramp (visible at current ¢4 2). Since the power
sweep is very slow, the curves can be represented as quasi-static,
showing a wide range of operating points. It can be seen that the
voltage of Grid 2 (and thus voltage gain) decreases linearly with
the increased transferred power. Furthermore, it can be seen
that the peak values of resonant-tank currents ¢,; and %,
follow the trend of the transferred power. When the transferred
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power is above the threshold and positive (iqc,2 1S positive),
Bridge 1 is active. When the power is above the threshold and
negative, Bridge 2 is active. When the transferred power is near
zero and thus below the threshold, the active bridge is alternated
between Bridges 1 and 2. To observe this phenomenon closely,
Fig. 8(b) shows a detail of Fig. 8(a) for transferred powers
near zero.

AsFig. 8(b) shows, once the transferred power is below the de-
fined threshold, the alternation between the bridges takes place.
It can be seen that the currently active bridge conducts mainly the
magnetizing current (visible as almost constant current envelope
of 400 A in ¢, ; and 200 A in ¢, ») and the currents of the recti-
fying bridge decay until the next switch-over of active bridges
is initiated. The ratio between the active times of both bridges
follows naturally the transmitted power. It can be seen that the
alternation of bridges causes aripple (an oscillation) at the dc-the
link voltage of Grid 2 vq4¢,2, which can be associated to a small
oscillation of the voltage gain. Despite this ripple, the underlying
waveform of the Grid 2 voltage follows the desired voltage gain
characteristic that corresponds to the load-dependent converter
losses.

Another point that can be observed in Fig. 8 is that the
voltage gain discontinuity at zero power, observable in Figs. 3
and 4, does not occur in the dynamic simulation. As mentioned
before, this is because the operation direction is switched-over
at higher currents than those at which this nonlinear behavior
occurs.

D. Parameter Variation

To evaluate the influence of the parameter variation, the
slow-power-sweep simulation has been carried out for the same
converter with varied switching frequency (mismatching the res-
onance frequency) and additionally for the cases with decreased
efficiency (nn = 98%). The voltage vqc 2 and the current iqc o
obtained from the simulations were utilized to determine the
Grid 2 power P; versus voltage gain G quasi-static characteris-
tics displayed in Fig. 9.

In general, Fig. 9 confirms that the dc transformer is capable of
very smooth and almost linear power reversal even at relatively
wide range of mismatched switching frequencies. Furthermore,
this indicates that the method is not expected to be sensitive
to the slight variations of the inductances during the operation
(since these can be represented by the even slighter switching
frequency variation).

Comparing the simulated quasi-static characteristics of the dc
transformer employing the proposed power direction estimation
method (Fig. 9) to the static characteristics (Fig. 3), it can be
recognized that the quasi-static operation follows the trend of
the static operation, except for the region near zero power where
the behavior is linearized and thus, improved.

VI. EXPERIMENTAL VALIDATION
A. Low-Voltage Prototype

To validate the practical feasibility of the proposed ABS
method, a low-voltage low-power prototype, pictured in Fig. 10,
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Fig. 8. Operation of the dc transformer employing the proposed ABS method at a slow power transition from negative rated power to positive rated power.
(a) Full time scale. (b) Details showing the transition near zero power.
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frequencies. prototyping control platform.
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TABLE II
EXPERIMENTAL PROTOTYPE PARAMETERS

Rated Power P 5 kW
Rated Voltage Grid 1 Vae,1 200 V
Rated Voltage Grid 2 Vde,2 200 V
Switching Frequency fs 10.8 kHz
Rel. Load-Dependent Losses N ~3 %
Threshold Current Iy tn 1.25 A
Rated Quality Factor QN 0.12
Resonant Frequency fo 10.8 kHz
Transformer Ratio n 1
Stray Inductance Lg 1 11.6 uH
Magnetizing Inductance L1 750 uH
Resonant Capacitance 1 Cr1 37.5 uF
Resonant Capacitance 2 Cr2 37.5 uF
DC-link Capacitance 1 Cac,1 520 uF
DC-link Capacitance 2 Cdc.2 520 uF

To keep the magnetizing current of the transformer reasonably
low during the operation, the rated voltage V. 1 was setto 200V,
which leads to the relative peak magnetizing current of k7., =
0.25.

The connected dc grids are represented by the four phases of
Regatron TC.ACS.50.528.72 switched power amplifier. Since
the power amplifier operates as a voltage source, a 6.8 {2 resistor
(constructed as three series resistors in Fig. 10) was connected
in series to the amplifier on the Grid 2 side. By controlling the
voltage drop over this resistor through the amplifier, the Grid 2
current can be set with sufficient precision.

The parameters of the converter prototype are summarized
in Table II. Note that the value of the stray inductance L ; is
increased compared to the value from [30] to account for the
stray inductance of the cables. Despite clearly different ratings
compared to those of the medium-voltage dc transformer from
the simulations, it can be observed that the two main design pa-
rameters Qn and f/ fo of the low-voltage prototype are similar
and thus, similar behavior is expected. The rated efficiency was
measured to be 96.2 % and the relative load-dependent losses at
the rated power are estimated to be ex =~ 3%.

B. Experimental Results

The investigations of the dc transformer dynamic response
to load changes that were carried out in simulations were re-
peated as experiments to validate the practical feasibility of the
proposed ABS method.

The first experiment, which results are in Fig. 11, demon-
strates the response of the dc transformer to a worst-case current
step from negative rated value to positive rated value at Grid 2.
A very similar observations to those for the simulation results
from Fig. 7 can be made. The whole transition can be concluded
to be smooth and stable. The main difference is that the power
amplifier is not capable of holding the voltage of Grid 1 vqc 1
constant during such fast power step and thus, the whole transi-
tion is relatively slower.

The second experiment was the application of a slow power
ramp to the dc transformer to demonstrate the behavior in large
range of operating points. The experimental results in Fig. 12
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Fig. 11.  Experimental waveforms showing the response of the dc transformer
prototype employing the ABS method to the worst-case power step at Grid 2.
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Fig. 13.  Detailed experimental waveforms captured at the resonant tank of
the dc transformer prototype. (a) Rated power delivered by Grid 1 (Bridge 1 is
active). (b) No-load condition. (c) Light-load condition (3% of the rated power
delivered by Grid 1).

show a good match to the simulation results from Fig. 8.
The operation can be concluded smooth and the alternation
of the active bridges at low transferred powers is clearly visible.
The main observable difference to the simulation is the altered
form of the voltage gain G (in Fig. 8, G can be observed
indirectly via vqc,2). This is caused by the forward threshold
voltages of the IGBTs and diodes that were not accounted for in
the simulations. As can be seen in Fig. 12, this threshold voltages
cause increased losses near zero currents, which impact the
steepness of the voltage gain curve at this region. A similar effect
on the voltage gain was demonstrated in [32] for series resonant
converters. Nonetheless, since the voltage gain still “emulates”
the voltage drop over the dc transformer that corresponds to its
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load-dependent losses, this effect is not expected to impact the
naturally most efficient power flow in the dc grids.

Finally, Fig. 13 shows the zoomed in waveforms captured
at the resonant tank. Fig. 13(a) demonstrates the typical LLC
operation at resonant frequency when rated power is transferred
from Grid 1 (Bridge 1 is switching). Fig. 13(b) demonstrates
the operation at no load. Since the direction of the power is not
clear (the rectified currents are low), Bridges 1 and 2 are switched
alternately, transferring a small amount of energy back-and-forth
between the dc links of the dc transformer. The magnetizing
current of the transformer is delivered by either of the bridges.
In Fig. 13(b), it can be noticed that after the switchover, the
magnetizing current continues to be delivered by the previously
active bridge. This is because the stray inductances of the trans-
former do not allow discontinuity of the tank currents. Only
after the current reaches zero, the active bridge starts to deliver
the magnetizing current. As a consequence, immediately after
the switchover of the currently active bridge, its IGBTSs are not
turned ON with ZVS but rather with ZCS. Similar occurrences
can be observed in the waveforms for the light-load condition,
depicted in Fig. 13(c). The power is transferred from Grid 1 to
Grid 2 and thus, the Bridge 1 is active for the most of the time.
Nevertheless, since the power is low, the current in the resonant
tank repeatedly drops below the threshold value and the Bridge 2
is activated for a short period of time.

VII. CONCLUSION

This article studied options for a smooth power direction
transition of a dc transformer based on an LLC converter. Within
the article, practices for the design of the resonant tank are
derived and a novel ABS method for power reversal is proposed.

The design study concludes that it is advisable to operate the
converter at a switching frequency that is reasonably close to the
resonant frequency. Furthermore, to ensure a low sensitivity of
the voltage gain to the operation frequency, the quality factor of
the converter should be as low as possible.

The proposed ABS method for seamless power reversal
proved to work smoothly and stably in both simulations and
experiments. The method does not need any information from
the connected grids and does not employ any closed-loop con-
trollers. The only additional hardware is the two ac-current
sensors placed at the resonant tank. However, these sensors do
not have to be particularly precise and thus, they are not expected
to increase the converter costs significantly.

Compared to the solutions from [12]-[23], the proposed
method operates only one bridge at a time and thus, it reduces
switching losses and is less sensitive to parameter variation.
Hence, the proposed method is expected to be advantageous
for LLC-converter-based dc transformers that employ bipolar
semiconductor switches.

The future research will cover the impact of the presented
dc transformer on the stability of the connected dc grids and
options for the grid and dc-transformer protection. To further
confirm the feasibility of the concept, a high-power medium-
voltage demonstrator will be developed.
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