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A Wide-Input High Step-Up Resonant Converter
With High-Ratio Transformer in High-Voltage
Applications

Yuge Yue ", Guangzhu Wang

Abstract—This article uses a transformer and a resonant net-
work to present an isolated dc/dc resonant converter with a step-
up ratio of tens to hundreds of times. The transformer leakage
inductance replaces the resonant inductor, and the integration of
the transformer and the resonant network is realized. The step-up
frequency characteristics of the resonant network are analyzed in
detail, and the operating range for soft-switching is given. Analyz-
ing the power characteristics shows that it is very suitable for wind
power conversion and high-voltage dc collection applications. The
optimal design method between transformer ratio and resonant
network step-up ratio is given. A 3000 W experimental prototype
operating at 46 V/3000 V is built to verify the analysis and perfor-
mance of the proposed converter. The results show that the step-up
ratio of 65-278 is achieved in the output power range of 3000-500 W,
with the maximum efficiency reaching 97.4% .

Index Terms—DC/DC converter, high-gain converter, resonant
network, soft-switching.

1. INTRODUCTION

ITH the rapid growth of new energy generation capac-
W ity such as wind and solar energy, traditional ac grid
connection, and transmission face many challenges due to their
intermittency and randomness [1]. DC collection and dc trans-
mission are recognized as the most effective technical solution
and inevitable trend to solve the flexible access of large-scale,
long-distance wind, solar, and other new energy generation.
Constructing a high-voltage flexible dc power grid is necessary
to promote the use of new energy sources [2]. Currently, the
promising parallel networking in dc collection [3] includes the
two-stage step-up type, low-voltage collection centralized step-
up type, and single-stage step-up type, as shown in Fig. 1. The
single-stage step-up type uses high-voltage collection with lower
power loss, eliminates the large dc/dc converter station platform,
and meets the power capacity of a single wind turbine. However,
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Fig. 1. Structure for connecting multiple DC wind farms in a parallel network
for DC transmission. (a) Two-stage step-up type. (b) Low-voltage collection,
centralized step-up type. (c) Single-stage step-up type.

the total voltage step-up ratio reaching tens to hundreds of times
is one of the major challenges in dc/dc conversion.

The topology of step-up large-capacity dc/dc converters [4]
evaluated in numerous studies can be categorized into noniso-
lated converters, such as the resonant converters based on thyris-
tors [5], the resonant switched capacitor converters [6], dc/dc
modular multilevel converters (MMC) [7], isolated converters
that mainly comprises traditional full-bridge converters [8], [9],
and dual active bridge converters, MMC isolated converters [10].
They usually rely on the cascade of multiple modules or sub-
modules to realize high-voltage power conversion at a high cost
and low efficiency.

Recently, step-up resonant converters received more attention
due to their wide operating range, low cost, and soft-switching
features consisting of zero-voltage switching (ZVS) and zero
current switching (ZCS) [11], [12]. They have higher efficiency,
and the step-up ratio can be achieved more than 10 times [13],
[14], [15]. Thus, the resonant converter is suitable for many
step-up applications, such as photovoltaic (PV) systems [16],
[17], electric vehicles (EV) charging [18], and dc collection
systems [19].

A series resonant dc/dc converter with a wide operating range
is proposed in [20]. The converter suits the dc/dc stage of
grid-connected PV systems well, with a high efficiency due to
the resonant network. A step-up converter for a dc collection
system is proposed in [21], however, the auxiliary switches
and transformer are used. Abbasi and Lam [22] proposed a
modular step-up dc/dc converter with magnetically integrated
voltage doublers that can be utilized in a medium-voltage dc
grid, achieving a high step-up ratio and power rate. They propose
a hybrid high voltage gain converter module for medium voltage
dc conversion in [23] soon afterward. This converter achieves
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Fig. 2. Design mentality of the proposed converter.

a very high efficiency and a high step-up ratio. However, the
step-up ratio of each module is not very high because the step-up
ratios of the transformer and resonant network are not distributed
perfectly.

However, few existing methods mention the special circum-
stances with high-voltage transformers. The large turns and
insulation structure cause the leakage inductance to be too large,
shortening the voltage regulation ability of the converters. The
classical design methods may not benefit the cooperation of the
transformer and resonant network, limiting the improvement of
the step-up ratio. Besides, the special soft-switching and gain
characteristics of the resonant converters when operating in
the high-gain region are less mentioned in the existing papers,
which is necessary for a high step-up and wide-range operation.
Furthermore, few existing resonant converters consider the co-
operation of the transformer and resonant network and reach a
step-up ratio of hundreds of times.

In this article, the main contribution is to investigate the ability
of the resonant network further, search for a method to over-
come the inherent shortcomings of the undesired large leakage
inductance, realize the step-up potential of the resonant tank,
and enhance the coordination of the transformer and resonant
network. Thus, this article intends to “multiply” the multistage
step-up units in a single resonant structure to further enhance the
step-up ability of the resonant converter, as illustrated in Fig. 2.

The rest of this article is organized as follows. Section II
provides the step-up converter. Section III introduces the design
and optimization method. A prototype and the experimental
results are presented in Section IV. Finally, Section V concludes
this article.

II. PROPOSED HIGH STEP-UP CONVERTER
A. Selection of Resonant Network

The transformer is inevitable in a resonant converter to en-
sure isolation and provide a ratio n. As shown in Fig. 3(a),
most transformers with compact structures are used in resonant
converters, and magnetic integration is a popular method to
provide resonant parameters by design. However, to enhance
insulation, the separated winding shown in Fig. 3(c) is preferred
in high-voltage transformers, and the energy distribution shown
in Fig. 3(d) is much wider than that shown in Fig. 3(b). This
structure reduces the primary-to-secondary interactions while
resulting in a significant leakage inductance, whose equivalent
circuit model is shown in Fig. 4. Thus, the traditional design
method is constrained because transformer manufacturing may
not permit an arbitrary turns ratio with the desired leakage induc-
tance. Besides, the series inductance is detrimental to the step-up
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Fig. 3. Transformer structure and magnetic field energy distribution. (a)
Transformer with a concentric winding structure. (b) Energy distribution of
the concentric winding structure. (c) Transformer with a separated winding
structure. (d) Energy distribution of the separated winding structure.

(b)

Fig. 4. Equivalent circuit model of the transformer. (a) Equivalent circuit
model. (b) Simplified equivalent circuit model.

ratio for many resonant converters, such as the commonly used
LLC resonant converter, bringing difficulties in the conventional
magnetic integration design. The traditionally used inductance
serving the resonant network now becomes a hindrance, which
needs to be handled in turn.

Due to the high ratio, the leakage inductance is equivalent to
the secondary side, and the resonant network is on the output
side. The output stage utilizes voltage-doubling half-wave recti-
fication, whose center point is directly grounded with the lower
end of the secondary side for insulation. Considering the gain
of the resonant network is GG, and the input and output voltage
are V; and V, the total step-up ratio is

Yo _ona (1)

kboost = V:
i

A step-up LC parallel resonant network can be used to over-
come the adverse effects brought by the large leakage inductance
on the secondary side. Although the LC resonant network was
proposed very early, yet unpopular recently, there are several
justifications for adopting the LC resonant network.

1) The LC resonant network can overcome the shortcomings
brought by the transformer. This article utilizes the LC
resonant network and places it on the secondary side un-
usually to eliminate the weakness and take full advantage
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Fig. 5. Proposed step-up scheme of the converter.
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Fig. 6. LC resonant converter.

of the parameters of the transformer as a typical step-up
unit.

2) The LC resonant network decreases the number of high-
voltage elements, reducing the cost and stress considera-
tions.

3) Compared with some resonant networks, such as the LLC
resonant network, the series inductance in the LC resonant
network does not decrease the step-up ratio.

With the design mentality shown in Fig. 5, the LC resonant
network is suitable for the step-up power conversion with a high-
ratio transformer. Besides, the variable GG and fixed n share the
step-up requirement, making it well-suited for applications with
a wide input range, such as wind power and PV. Then, the LC
resonant converter should be further analyzed.

B. LC Resonant Converter

The circuit topology for the proposed resonant converter is
shown in Fig. 6, taking the full-bridge structure as an example.
The topology comprises a full-bridge switch circuit consisting
of S1-S4 with the associated parasitic capacitances Cg1-Cly, a
transformer with the resonant network, rectifier diodes, and the
output capacitors Cy1 and C\2. The resonant network comprises
the resonant inductance L, and capacitance C.

The converter should be able to output a high step-up ratio
voltage. When the input voltage of the wind turbine and the load
condition change, the output voltage should be maintained.

C. Operating Principles

Considering i¢, uc, iy, tc, tq1, and ¢qs are the current that
flows to the rectifier, the voltage of C\, current of L., C}, D,
and Do, respectively, the operating principles of the proposed
converter can be analyzed. Assuming that the semiconductor
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Fig. 7. Operating stages of the resonant converter. (a) Interval I. (b) Interval
II. (¢) Interval III. (d) Interval TV.
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Fig. 8.  Operating waveforms of the resonant converter.

switches and diodes are ideal components with a duty cycle of
0.5. The output capacitors are equal and large enough, and the
voltages of which are equal and constant. The operating stages
are revealed in Fig. 7, which has the following four intervals.
The operating waveforms are shown in Fig. 8.

Interval I [ty—t, ]: The parasitic capacitances of S; and So are
discharged and charged in the dead time, respectively.

Interval Il [t1—to]: Sq turns ON with ZVS. C} is clamped with
D5 conductive.

Interval Il [to>—t3]: When ¢ is zero, D5 turns OFF with ZCS.
C; and L, resonate. C,; and C,o provide power for the load.

Interval IV [t3—t4]: When uc is % D is conductive, charg-
ing C,1. The operating principles in the next half periods (t4-tg)
are similar.

Neglecting the dead time, considering that I,,, is the initial
valueof i, att = ¢1, whichisrelated to fs, and can be calculated,
if the resonant frequency is w,, the equations of the resonant
process in three intervals can be calculated as

{ir(t) =L, + (% +nV)(t —t1)
uc(t) = %

@)

in(t) = \@ (nVi + %) sin(wi (t — ta)) )
uc(t) = nVi — (nVi + %) cos(wy(t — t2))

ir(t) = 20/ S\ /nVi%g + (nVi — ) (t — 1) @
Vo
7.
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Fig. 9. Output voltage gain and input current phase characteristics. (a) Gain

curves. (b) Phase curves.

The initial value can also be found using the boundary condi-
tions. These equations can confirm the voltage and current stress
of the elements and help determine the value selection.

D. Resonant Characteristics

Although the resonant converter is not a new concept, the
proposed converter extends its application, and more distinctive
features appear. Using the fundamental harmonic model and
considering that f;, fn, Zy, R, Req, Q, Zi, ¢, and G represent
the characteristic resonant frequency, normalized switching fre-
quency, characteristic impedance, load resistance, ac equivalent
resistance, quality factor, input resistance, power factor angle
as well as the ZVS angle, and gain, respectively, the following
equations can be derived:

— Wr _ 1
=5 = e
fn:f;c:v
Z =\ &
_ B _ 2 /C
@=7' =@y )

2
— ](Q2f3+(17Q2)fn)+QZ
2417 T

Zi = ETaLT

(p = — arctan 7Q2f“3+g7(92)j“
- V. _ 1

G= 2nV;

CJaeey

The output voltage gain and input current phase curves are
plotted in Fig. 9 to analyze the resonant characteristics. Although
uncommonly used, operating near f; is more advantageous to
meet the requirements of the step-up operating condition since
the gain is high and varies more when adjusting the switching
frequency fow.

The maximum gain is

[ 102
Gmax = 46227—162 % G‘fswzfr = Q (6)

which suited the conditions well with a wide operating range.
Thus, whether the converter can meet the step-up condition
depends on the load condition. The converter is powerless if
the load is too heavy, with a smaller ), and 2n(Q) is less than the
desired step-up ratio.
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The frequency f; is the most significant, however, an uncom-
monly used operating point. Hence, some characteristics are
universally ignored. The step-up ability of the resonant network
should be explored further, and the soft-switching issue needs
more focus because the operating region is much nearer the ZCS
region. In fact, Gy,,x does not occur when f, = 1 because the
current on the load branch impacts the resonance, causing the
resonance point to shift. The angular frequency corresponding
to the resonant point, w,, the maximum gain, wgmax, and the
pure resistive point, wg, are not the same, as

Wy = L

L,C,
2Q2—1
WGmax = CQQQz Wy (7)
2]
WR = QQ2 Wy .

Gmax 1s higher than but is approximately equal to (). For
example, Gpax = 1.07Q when (Q = 1.4. It can be regarded that
Gmax ~ @@ when calculating the resonance parameter. When
w = wr, G = Q. It can be observed that wr < Wamax < Wr
and fs, should be limited above wamax as V;, can be regulated
as it decreases monotonously as fy, increases, and ZVS is
guaranteed naturally. This is a beneficial characteristic. When
@ is larger with a lighter load, it is easier to achieve ZVS.
Although wg is smaller, fg, is much higher to maintain the
gain, as observed in the gain curves. When the load gets heavier,
wgr moves left, leaving more room for ZVS.

The LC resonant network may perform better than the LLC
resonant network. With the same analysis method, it can be
derived that the maximum gain of the LLC resonant network
with the same () value is not higher than the LC resonant
network, especially the much larger leakage inductance, which
serves as a series element that greatly decreases the gain. In
addition, it can be deduced that wr > Wgmax > w; in the LLC
resonant network. Therefore, ZVS is much harder to ensure
when pursuing a high gain.

The characteristic with the commonly used phase-shift control
is also considered, and the gain can be derived as

G 1—cosd 1
2 Ja-nr ey

®)

where the phase-shift angle 6 € [0, 7], and the gain characteris-
tics are given in Fig. 10.

There are several reasons that the gain with phase-shift control
should be analyzed. With phase-shift control, ZVS can be en-
sured forcibly by controlling the switches ON and OFF around
the zero-crossing point of ¢,. An LC resonant converter with
phase-shift control could present a higher efficiency, which will
be discussed later. Phase-shift control provides a new dimen-
sion of control, which handles the condition that the switching
frequency is inconvenient to regulate higher. If the operating
frequency is f;, with phase-shift control, the phase-shift angle
can be adjusted as

Ad = 1T — arccos
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Fig. 10.
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Fig. 11.  Waveforms related to the soft-switching.
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to get the same gain with the variable frequency (VF) control
if Af, is regulated relatively slightly. Therefore, phase-shift
control may avoid a sharp frequency regulation.

E. ZVS Analysis

One of the advantages of the resonant converter is that soft-
switching reduces the power loss. The converter should operate
in the inductive operating area. When the converter operates
with a lighter load, fs should be higher, which makes it easy
to achieve ZVS as illustrated above.

The fundamental waves of i, and u, transfer the active power,
with the related waveforms shown in Fig. 11, considering that
the fundamental value of u, and ¢, can be approximated as

_Anys o
yrl(t) = Vl. Sin (271 fswt) (10)
11 (t) = Lim sSin(27t fswt — )
where I, is the peak value of 7., it can be derived that
V2
L =—2 11
cos ¢ SRV (11)

Particularly, when operating at the maximum gain, ¢ ~ 0.
The following equation can be derived:
2V,
nZ,

Irm‘go:O = (12)
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The current ¢, seems to have a characteristic of constant
current partially. Regardless of the load, the maximum voltage
of C\ is % The most amplitude of the resonant current is used to
charge and discharge C', and the output current I, is relatively
small. Thus, ¢, varies not much as the load changes. I, is
smaller at a lighter load, while ¢ is larger.

Another ZVS condition is that the parasitic capacitances Ces
of the switches should be charged and discharged completely by
the resonant current during the dead time, as

V;‘Coes V; C‘oes

nlmsing  pp o sin(arccos

Tdead > V2 . (13)

2nRyVilim

To estimate the hardest condition for ZVS, I,,, can be ex-
pressed as

2Vo/(Q2f3 + (1 — Q?) fu)? + Q2
nZQVQ 1 - f22 + f2

The right side of the equation is monotonous, and T3¢, should
be larger as the load is lighter within the reasonable operating
range. Especially, achieving ZVS is particularly difficult at no
load condition, when the minimum 7§.,q should satisfy that

[rm =

(14)

TCoes Ze| f2 — 1

ot (15)

Tdead|RL:oc >

The converter steps up the voltage by the resonant network,

which operates much closer to the ZCS region. Once the con-

verter crosses the boundary and operates at the ZCS region, the

gain decreases as fs, decreases, bringing the disorder to the

control. Therefore, the switching frequency fs,, should be kept
within a reasonable range in the control method.

FE. Power Loss

The power loss of the whole circuit mainly includes the
switching loss P95, the transformer loss P1°%, and the rectifier
loss P/o%5, with the transformer loss being the majority.

The power loss of the transformer mainly includes copper
loss and iron loss. The power loss of semiconductor switches
and the rectifier loss are mainly the conducting loss due to soft

switching. They can be expressed approximately as

Pless ~ 112 Ry + prfS,
Ploss ~ %f; 1 Veon Lrm sin(wewt — @)d(wswt) = %
P = Vieelo

(16)

where wsy,, 27, and pr are the switching angular frequency, the
equivalent series resistance of the transformer, and a constant
related to the iron-core material, operating condition, design
parameters, etc. « is an empirical parameter that generally takes
a value of 1.7-2. Vo, and Vie represent the saturation voltage
drop of the primary switches and the forward conduction voltage
of the rectifier diodes. The efficiency can be increased mainly by
improving the design of the high-frequency transformer, which
will be discussed later.
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Fig. 13. Amplitude-frequency characteristic of Isc, Zo, and Ieo. (a)

Amplitude-frequency characteristic of Igc and Z,. (b) Amplitude-frequency
characteristic of Ie,.

G. External Characteristics

There are different methods to control a dc/dc converter in
the dc power system, such as main—secondary control, voltage
margin control, and voltage droop control. Traditional open-loop
dc/dc converters generally have the characteristics of a voltage
source, but the proposed dc/dc converter with the resonant
network has a different output characteristic. In ideal conditions,
the steady-state open-loop output equivalent circuit on the ac
side of the high-voltage rectifier can be simplified into the
current source model, as shown in Fig. 12. Considering that
Zy, Isc, and I, indicate the output equivalent impedance, output
short-circuit current, and equivalent output current, respectively,
whose amplitude-frequency characteristics are shown in Fig. 13.
They can be derived as

Zo(s) = SZ&iLCI*rr+1
Le(s) = 2 a7
Ieo(s) _ nV;

SLet 2 (s2L, Gyt 1)

Especially. |Zo(jwr)| = 00, and L (jur)| = |Teo(josr)| =
”Z—V The maximum output current is independent of the load at
fr» presenting the characteristics of the constant current source,
completely different from the output voltage source characteris-
tics of the traditional converters. Thus, the converter has a strong
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ating Region

Fig. 14.  Voltage and power characteristics.

ability to handle external dc bus short-circuit faults. Further
investigation into the grid-connected control of the resonant
converter may be worthwhile.

The gain is approximately inversely proportional to the output
power P, as

PQ= 2/ 5w

— . 18
w2\ L, ° (18)

When the input power decreases, the gain will rise automat-
ically to maintain V;, with a higher ). The maximum output
power boundary can be calculated as

2 |C,
Po,max(t) = ﬁ L_Vo‘/i(t)-

The voltage and power characteristics can be presented in
Fig. 14. If V; is maintained, the relationship between P, and
V; is approximately linear, suitable for wind or PV power. The
converter can cooperate well with the wind turbines, and the
generator may be connected only by a rectifier without the boost
PWM converter if controlled well.

The step-up ratio and transmission power of the resonant
network are closely linked to @), Z,, and f,. Therefore, by
selecting appropriate resonance parameters, it is possible to meet
the requirements of the step-up ratio and power.

19)

H. Discussion of the Filter Inductor

The LC resonant converter is a classical but less-used resonant
converter. To smooth the secondary current, an inductor Ls is
usually attached to form an LC filter with the output capacitor in
practical applications, consisting of an LCL-T resonant network.
As a high step-up converter, the peak value of the secondary
current is relatively high because of the discontinuity, however,
the impact of Ly needs more investigation. Considering that
ki, fr1, fr2, wr1, and wyo represent the ratio of the L¢ to L,
characteristic resonant frequencies, and angular frequencies, the
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following equations can be derived:

— Lt
ki = -
fo=%9a=__1__
rl 27t 27t/ L. C,
f 5 = Wr2 1 _ 1
o= L2 — =
o /(L/ /LG 2 [ LG,

7. — JREFR QP k] —2k) R4 (-Q7Hhu+ D f)+Q ,  (20)
e REFI-2 2k +[2Q7 1 '

K fRH(Q%—kf —2ky) F3+(-Q%+hL+1) fu
Q

Go Yo — ' '
Ve s R (B (ke kw £2))?

Using the same method mentioned above, it can be derived
that

er = LrCr
[ 2kL42k2 —Q2+\/k +2k3 + k2 +2k2 Q2 —4kLQ+Q*
WGmax = 32 L.C,
o — B2 42k —Q2+1/Q*+2k Q2 —4kL Q2+ k]
R = 2kZ L, C,
(21
and
Gmax £ Q. (22)

The conclusion wr < Wamax < wr1 remains. Using the gain
curves, it can be observed that the gain varies not greatly as
k1, varies from O to 1. In addition, it changes little in the range
that 0.5 < ki, < 1, and it can be regarded that G, occurs at
fu = 1. Therefore, it can be seen that though L¢ is commonly
used in practice, the LC resonant network and LCL-T resonant
network do not show many essential differences from the view of
the gain, and L does not greatly affect the step-up performance.
The differences between the LC resonant network and the LCL-T
resonant network are more in the operating conditions.

By plotting the amplitude-frequency characteristics of the
LCL-T resonant network, it can be seen that the LCL-T and LC
resonant networks both behave as a current source at the output.
However, at the other characteristic resonant frequency f,o, the
short-circuit current is very large. Therefore, it is better to avoid
operating around fo.

Fig. 15 shows the resonant current and voltage, and the
oscillation of the current of the secondary diodes D; and D5 is
large in the LC parallel resonant converter. However, it cancels
a resonant inductor and related power loss and still realizes
turn-OFF with ZCS. L¢ functions as a filter, especially with a
larger Q).

Several factors may be affected by Ly as follows:

1) Ly prolongs the conducting time of ¢; while it does not
change the average value, and smooths ¢, though the peak
value of i¢ is not necessarily smaller. L makes the diodes
achieve ZCS turn-ON and avoid the oscillation distinctly,
reducing the current stress of the diodes.

2) Lg¢ increases the amplitude of uc by resonance, and the
withstand voltage of C} is not % anymore, which is
unfavorable for high-voltage applications.

3) L¢ may reduce ¢, and the output ripples very slightly.

4) L¢ adds the number of components, unbeneficial to the
efficiency and cost.
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Fig. 15. Resonant current and voltage of different resonant networks and Q.
(a) LCL-T resonant network with a smaller ). (b) LC parallel resonant network
with a smaller Q. (¢c) LCL-T resonant network with a larger Q. (d) LC parallel
resonant network with a larger Q.

5) The undesired high-frequency resonance appears with a
small L¢, especially with a large L,.

Besides, when Lt is large enough, the enhancement of the
filter effect is obviously weakened as Ly gets larger, and the
disadvantages of Ly become more significant. However, con-
sidering that the high-voltage components should be saved as
much as possible, and the advantageous effect of Ly is relatively
limited, it may not be better to utilize Lt in this situation.

Another scheme is putting the LCL-T resonant network on the
primary side by using the leakage inductance as Ly with reso-
nant inductance L, and capacitance C,’ added. This structure
reduces some disadvantages above, and lowers the voltage stress
of the capacitance. However, it increases the current stress of the
capacitance, as well as its value and size, and the voltage of the
transformer is increased, making it easier to reach saturation.
Besides, it reduces the utilization rate of the transformer with
another inductance on the primary side needed, which also in-
creases the component number and loss. Therefore, this scheme
may not perform better than that if the LC resonant network is on
the secondary side under the step-up application scenario with a
high-ratio transformer, though generally the LCL-T network may
be preferred over the LC resonant network in other applications.

III. TRANSFORMER DESIGN AND OPTIMIZATION
A. Transformer Design

As mentioned, the separated winding is utilized for insulation
considerations. The large leakage inductance is decided by n
while determining (), which are the two determinants of the
step-up ratio. Thus, the optimization revolves around L, is a
significant problem, and the conventional design method com-
bined with the resonant network is not suitable.
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!

Fig. 16.  Section diagram of the transformer with separated winding.

The transformer with a separated winding can utilize the
UU-type frame with Z-type winding in multiple slots to share
the high voltage and enhance the insulating ability, as shown in
Fig. 16. The dimension of the core and winding is calculated
with parameters such as the layer number of winding, wire
specification, and insulation distance determined, which lays
the foundation of the design. Sequentially, many parameters
are decided, such as the iron loss coefficients K, «, (3, and
ac resistance coefficients and dc resistances of the primary
and secondary side, Fyp, Fis, and Rqcp, Racs- Then, the key
parameter L, can be determined using the method in [24].

B. Optimization Between Transformer Ratio and Resonant
Gain

The good cooperation between the transformer and resonant
network helps to improve the step-up ratio and reduce the power
loss. When the resonant network operates at the maximum gain,
it has the maximum step-up ratio 2nQ). The resonant network,
especially the elements L, and C, is used and operates around
fr to raise the voltage, which is uncommon in other resonant
converters. The resonant network should not operate with an
extremely high @ to achieve a very high gain, as it causes a large
reactive current and more power loss. However, a small () means
a large n and a large number of turns, influencing the operation
and bringing difficulties for the design since L, is proportional
to the square of the turns. Thus, it is necessary to select balanced
@ and n based on the step-up ratio with efficiency considered.

As is well-known, the turns ratio is n = %, and the leakage
inductance L, = N2 A is determined by the leakage permeance
/A and ratio, where A is related to the dimension and structure
of the transformer. For another, in the LC resonant converter, L,
is the key component of the resonant network, determining the
quality factor and gain, as

2V2

r = 7T2PowrQ . (23)

Considering the total step-up ratio is 2n(@), it can be derived
that to meet the requirement of the step-up ratio, the following
equation should be satisfied:

2V2

Ni{Ny < ———°% |
= 7Tgkboostljofsw/l

(24)
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Thus, the desired leakage inductance L, can be obtained in
theory with the production of N; and N, less than a constant.
The magnitude of the magnetic induction intensity B, is

Um

- KchfszlAc

where the magnetizing voltage u,, is a square wave whose am-
plitude approximately equals nV;, K} is the waveform factor that
equals 4 approximately for the square wave, K is the lamination
factor, and A.. is the sectional area of the iron core. By, should be
considered for both efficiency calculation and saturation check,
where the maximum magnetic induction intensity appears in the
middle of the secondary winding due to the leakage flux.

The loss is calculated by the improved generalized Steinmetz
equation and the Dowell equation, as

B (25)

Pross = VeK29P £& BS 4 FL 12 Racp + Frsl?Racs (26)

W PTp
where V. is the volume of the transformer. Since the dimension
and structure are fixed, N1 can be substituted into the equation,
and by taking the derivative of /N1, there is an optimal value of
N, to make the loss minimum

Vi 248BRV S
~ KchAc Frplngcp + FrsIERdcs.

Ny 27

Then, N, and the value of inductance can be easily obtained.
The magnetizing inductance of the transformer L, hardly af-
fects the resonant process and the step-up capacity because itisin
parallel with the resonant network and directly connected to the
input equivalently. It should be as small as possible to improve
efficiency. Based on this method, though there is a coupling of
@ and n with L, linked, the step-up ratio is satisfied with power
loss minimized.

It should be noted that considering the volume of the trans-
former is partly decided by the windings, which is also related
to L,. Therefore, the L, also decides the power density of the
transformer. With actual computation, it can be derived that the
efficiency and power density are contradictory. Therefore, the
compromise design should be carried out to solve this problem
with other tools, such as a Pareto diagram.

Generally, the specific design process of a high-voltage high-
frequency transformer is relatively complex with a large number
of variables and many equations, which can be summarized as
Fig. 17.

C. Design Example

Limited by the conditions of the test instruments, the output
voltage and power are 3 kV and 3 kW, respectively, and the
minimum step-up ratio is 65. To be simple but general, this article
takes the manganese zinc ferrite with Litz wire transformer in
the prototype as an example to verify the feasibility, though
amorphous alloy core and flat-type copper wire may perform
better for a megawatt-level transformer to improve efficiency,
space utility, and current carrying capacity. The parameters of
the wire are calculated using the value of current and the skin
effect depth. Based on the optimization design procedure when
focusing more on the efficiency, the transformer can be designed,
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Determine the constraint condition of the transformer and resonant network based on the parameters

Po, Vo, Vi, fow, ete.
Calculate the core window, select the iron core, geometric specification, and type of the wire, and
calculated the winding structure parameter.

Determine the initial value of the primary turns N} by optimizing the efficiency of the transformer.

(When N, increases, the flux density, and iron loss decrease while copper loss increases.)

Determine the optimum ratio. (@) is inversely proportional to n according to the gain constraint,

and inversely proportional to n? according to the relationship between the L, and G)

l

‘Recalculate the winding structure parameter, then determine the secondary turns Ns. ‘

|

‘ Temperature check. ‘

END
Fig. 17.  Optimization design of Q and n.
TABLE I
TRANSFORMER SPECIFICATIONS
Parameters Values/types
Magnetic core UY30
Turns ratio N1 : Na 7:160
Layers of primary/secondary side 1/4
Length of each turn for primary/secondary side[m]  0.13 /0.135
Leakage inductance [mH] 7
Magnetizing inductance [mH] 167

with the specifications shown in Table I, where N, takes the
maximum value in the design to reduce () and reactive power
loss. The leakage inductance and magnetizing inductance are
obtained, both equivalent to the secondary side.

Based on the step-up ratio, output voltage, and power, ()
can be selected as 1.4, and Z, = 434.2) with C, calculated
as 37.1 nF according to the resonant relationship. Although @ is
not very large, it achieves an optimum allocation between () and
n from the perspective of efficiency based on the optimization
design method. In addition, () should have a large range to handle
different operating conditions, which will become larger with a
lighter load. Besides, though the power density is lower com-
pared with the compact structure, it is unavoidable considering
the insulation. The large turns and layers in the secondary side
may not greatly affect the power density because of the small
secondary current, and the volume can be further optimized if
necessary.

IV. EXPERIMENTAL VERIFICATION

The experimental set-up shown in Fig. 18 is built to verify the
validity of the proposed resonant converter. Table II shows the
design specifications of the prototype based on the optimization
design. VF control and variable frequency phase-shift (VFPS)
control are utilized. The ZVS angle is fixed at a small value
in the VFPS control, with the phase-shift angle regulating the
output voltage, hence, the ZVS feature will not be lost. Because
of the large value of the input current, the ripples should be
considered. However, the input current depends on I,,, which
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Fig. 18.
enlarged.

Experimental prototype figure with transformer and main converter

TABLE I
CIRCUIT SPECIFICATIONS IN THE PROTOTYPE

Parameters Values/components
Rated Input Voltage V;i[V] 46

Output Voltage V,[V] 3000

Minimum Step-up Ratio 65

Rated Output Power P,[W] 3000

Leakage inductance L[mH] 7

Resonant Capacitor Cy[nF] 37.5

Output Capacitors Co1, Co2[uF] 7

Semiconductor Switches S1-Sy4 IRFB4310
Rectifier Diodes D1, Do VS-20ETF12
DSP Controller TMS320F280049
Switching frequency fsw [kHz] 10-16

Input filter capacitors [uF] 30%2200

is determined by the operating condition. Thus, the ripples are
not easy to reduce through control, and adding the input inductor
causes the voltage stress of the switches to be uncertain. Thus, the
simple and easy method is to attach input capacitors. Fortunately,
the size and cost are small with a low input voltage.

Fig. 19(a) presents the measured input voltage V;, two output
voltages +% and —70, resonant current 7., and calculated
output voltage V, at the full load condition of 3 kW with VF
control. V;, can be maintained at approximately 3000 V steadily
as desired with a step-up ratio of 65. Fig. 19(b) presents the
measured primary input voltage u,,, primary input current i,
resonant capacitor voltage uc, and resonant inductor current ¢¢
at full load condition with VF control. ZVS of the switches and
ZCS of the diodes are realized. Fig. 19(c) and (d) presents the
waveforms with VFPS control, and the converter obtains good
results as that with VF control.

The waveforms at the load condition of 500 W shown in
Fig. 20 demonstrate the wide operating range of the converter.
The measured input voltage and output voltage are the same as
those in Fig. 19(a) and (b).

The maximum step-up ratio is about 2n(), where n is fixed.
The actual voltage regulation method to handle the varying
operating conditions is regulating (). When operating with low
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Fig. 19.  Experimental results with a full load of 3 kW. (a) Measured Vj, + &21 s
— %1, ir, and calculated V,, with VF control. (b) Measured um,, iy, uc, and i¢

with VF control. (¢c) Measured V;, + ‘g — VT, iy, and calculated V,, with VFPS
control. (d) Measured wum, ip, uc, and i¢ with VEPS control.
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Fig.20.  Experimental results with a load of 500 W. (a) Measured uy,, ip, uc,
and 4¢ with VF control. (b) Measured uy, ip, uc, and ¢ with VEPS control.

input, the converter should be able to elevate the output by raising
Q. The experiment, whose input and output are 10.8 V and
3000 V, respectively, is carried out with a load of 500 W. On
this occasion, the () value is 6, which is higher than before, and
the step-up ratio is 278. The experimental results are shown
in Fig. 21, verifying the strong step-up ability under severe
operating conditions.

The efficiency curves are plotted in Fig. 22(a). The efficiency
reaches 97.4% and 90.4% at 3000 W and 500 W with the input
voltage of 46 V. When V; is 10.8 V, and P, is 500 W, the efficiency
reaches 92.8% . The efficiency of VFPS control is generally
higher than VF control with the same voltage and power, and
the efficiency with a lower input voltage is higher than that with
a higher input because the reactive power reduces as the input
voltage gets lower, according to the current source characteristic
of the resonant tank. The converter may perform more efficiently
than many conventional multiple de-dc converters with the same
step-up ratio. Fig. 22(b) provides the loss distribution, in which
the transformer loss predominates.

There are a few high step-up resonant converters with differ-
ent types, containing single-stage structure converters (such as
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Fig.22.  Efficiency of the converter. (a) Efficiency curves. (b) Loss distribution.

in [15] and [16]) and converters with modules (such as in [19]
and [23]), and many other structures. A comparison of some
different existing high step-up resonant converters is given in
Table III. The proposed converter shows high efficiency and
a small number of components, and the stress voltage of the
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TABLE III
COMPARISON OF DIFFERENT HIGH STEP-UP RESONANT CONVERTERS
Converters in [12] in [13] in [15] in [16] in [17] in [19] in [20] in [21] in [23] Proposed
Switches 4 2 4 2 4 5 7 6 4 4
Number of Diodes 10 6 2 3 0 9 3 2 8 2
Inductors 4 0 2 1 0 4 1 1 1 0
Capacitors 7 6 5 5 4 5 4 3 11 4
Transformers | 0 1 1 1 1 0 1 2 1
Input voltage [V] 120-320 | 30 20-30 20 40-50 75 30-60 150 500 10.8-46
Output voltage [V] 1000 380 400 400 380 1800 200-400 | 1500 2700 3000
Step-up ratio 3.1-8.3 12.7 13.3-20 | 20 7.6-9.5 24 33-133 | 10 54 65-278
Output power [W] 1300 200 2000 250 400 2000 500 2000 3700 3000
Switch voltage stress [V] - 0.2V, - 2.7V, - 8V; Vi Vi 0.5V, Vi
Maximum efficiency[%)] 96.5 96.3 95.5 96.7 97.0 - 95.4 97.1 98.8 97.4

switches is acceptable. Moreover, a very high step-up ratio is re-
alized, which is tenfold larger than that of some existing step-up
resonant converters, proving the advantages of the converter.

V. CONCLUSION

A high step-up dc/dc resonant converter that can be used for
high-voltage dc collection in the dc wind farm is proposed in
the article. Through analysis and experimental verification, the
following conclusions are obtained.

1) The proposed resonant converter overcomes and makes
full use of the disadvantages of the large ratio high-voltage
transformer with primary and secondary winding separa-
tion, realizing the integration of transformer and resonant
network and making the converter efficient.

The converter achieves a very high step-up ratio by the
multistage step-up units in a single resonant structure.
Through the optimized design between the transformer
ratio and the resonance gain, the step-up ratio reaches
hundreds of times, which can meet the demand of the
single-stage step-up network configuration.

The power and step-up ratio characteristic is very suitable
for the output power-voltage characteristic of the wind
turbines. Besides, the proposed converter has the output
characteristics of the current source and can cope with
faults such as the short circuit of the output dc bus with
ease.

The efficiency of the converter using VFPS control is
higher than that of VF control, achieving 97.4% with
soft-switching characteristics.

The experimental results align with the theoretical analysis
and demonstrate the feasibility of the proposed converter. The
step-up ratio is not only 65-278 in the experiment, but can also
be increased depending on the practical need. Furthermore, the
grid-connected control of the resonant converter requires further
investigation.

2)

3)

4)

5)
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