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Simplified Resonant Parameter Design of the
Asymmetrical CLLC-Type DC Transformer in the
Renewable Energy System via Semi-Artificial
Intelligent Optimal Scheme

Jingjing Huang ', Member, IEEE, Xin Zhang

Abstract—Asymmetrical CLLC-type dc transformers (ACLLC-
type DCTs) are becoming more and more popular in the renewable
energy system, thanks to the bidirectional power transmission
(PT), high power density, and low-cost sensorless open-loop
control. Nevertheless, the resonant frequency is not constant due
to variations of the operation power and temperature in practice,
which may make DCT lose its required voltage conversion gain
and deteriorate the PT ability. This poses a challenge on the design
of circuit parameters, especially when the open-loop scheme is
usually recommended for the ACLLC-type DCT in the renewable
energy system. Therefore, a semi-artificial intelligence (semi-Al)-
based simplified parameter design approach is put forward in this
paper for ACLLC-type DCT. It replaces all unknown parameters
with two intermediate parameters through certain manipulations,
and then utilizes a very simple computer-assisted procedure to
optimally design the parameters of the ACLLC-type DCT. In
addition, a detailed design example with a special planar trans-
former is presented via the aid of ANSYS Maxwell to achieve the
desired resonant parameters of the ACLLC-type DCT. Finally, the
proposed semi-Al-based method is experimentally demonstrated
in a real renewable energy system prototype.

Index Terms—CLLC, dc transformer (DCT), renewable energy
system, parameter design, planar transformer.

I. INTRODUCTION

ONVENTIONAL power market is dominated by ac sys-
tems on account of the historical reason that compared to
dc voltage, ac voltage was easier to be regulated in olden days.
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Fig. 1. Coexisting ac- and dc-type renewable energy system.

Nevertheless, in recent years, the dc-inherent energy storages,
electronic loads, and renewable energy sources are increasing
dramatically [1], [2]. Moreover, the developing power electron-
ics make ac/dc, dc/ac, and dc/dc conversions possible. There-
fore, the coexisting ac and dc power system comes up for the
renewable energy system to reduce power conversions, improve
energy efficiency, and enhance the compatibility [3], [4].

A coexisting ac- and dc-type renewable energy system is il-
lustrated in Fig. 1. It can be used in low-power applications, such
as emergency power supply, island without power, remote small
villages, and so on. As depicted in Fig. 1, dc bus and ac bus are
usually interlinked via a bus converter system (BCS) to opti-
mize the renewable energy utilization. Since both dc and ac bus
voltages are selected as 380 V to accommodate commonly used
appliances at the user side [5], [6], three typical BCS topologies
are available to link dc bus and ac bus: bidirectional interlinking
ac/dc converter (BIC) + ac transformer [7]; dc/dc converter +
BIC [8]; and dc transformer (DCT) + BIC [9].

Comparably, the BCS comprised of DCT + BIC is more com-
petitive than the other two BCS topologies because it operates
at high-frequency condition to improve the power density and
save the space occupied [9]-[11]. Therefore, the focus of this
paper is the DCT + BIC design in the renewable energy system.

BIC and DCT should cooperate with each other to transmit the
power between ac bus and dc bus of the renewable energy sys-
tem [10], [11]. In Fig. 2(a), Vi (V1) and Py (Pr), respectively,
indicate the dc voltage and power in the high-voltage (HV) side

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. (a) Topology of DCT and BIC. (b) Resonant HFT topologies.

(low-voltage (LV) side) of DCT. The way in which DCT and
BIC cooperate is summarized as follows:

1) The transmitted power between ac bus and dc bus defined
as Pp is fully regulated by BIC. Its reference Ppyef iS
received from communication bus of energy management
system (EMS) [12], [13]. As this technique is quite mature,
it will not be further discussed in this paper.

2) DCT must realize two functions. One is to ensure Pp to
cooperate with BIC. The other is to maintain HV voltage
(Vg in Fig. 2(a)) within allowable range to guarantee the
normal operation of BIC [14].

Frankly speaking, many dual-active-bridge (DAB) topologies
are suitable for DCT application to transmit power bidirection-
ally [15], [16]. They can be classified as CLL-type, LLC-type,
symmetrical CLLC-type, and asymmetrical CLLC-type based
on the resonant high-frequency transformer (HFT) topology
shown in Fig. 2(b) [17]-[20]. It is worthy to point out that
the CLL-, LLC-, and symmetrical CLLC-type DAB actually
can be considered as the special cases of the asymmetrical
CLLC-type DAB, and all of them are suitable in the renewable
energy system application [21]. In other words, if the engineer
masters the design method of the asymmetrical CLLC-type
DAB, he or she will naturally be skilled on the circuit design
of CLL-, LCC-, and symmetrical CLLC-type DAB. Hence, the
asymmetrical CLLC-type DAB is selected for DCT design here.
For unifying the terminology, ACLLC-type DCT in introduced
for asymmetric CLLC-type DAB based DCT.

For traditional applications [22], [23], the ACLLC-type DCT
always operates as an independent conversion system with wide
voltage conversion gain (VCG). Therefore, the closed-loop con-
trol is essential to adjust ACLLC-type DCT to its target volt-
age/power [24], which makes DCT very robust to the parameter
variations. However, in the renewable energy system shown in

1549

Fig. 1, the ACLLC-type DCT must cooperate with the BIC in-
stead of being an independent conversion system [10]. Because
the transmitted power is controlled by BIC, and the potential sta-
bility problem of the DCT can be settled by regulating the equiv-
alent impedance based on the relatively low-frequency BIC, the
ACLLC-type DCT is recommended to operate with open-loop
control to simplify systematic control and to reduce cost [21].
However, this poses a challenge on the ACLLC-type DCT circuit
parameter design [25].

At present, there are two main parameter design method-
ologies that can be utilized to ensure both power transmission
(PT) and VCG of ACLLC-type DCT. One is based on engineer-
ing experiences and mathematical derivations [19], [25]. Such
kind of approach is suitable for the CLL-, LLC-, and system-
atical CLLC-type DCT, which can be simplified with only less
than two unknown parameters, but it is hardly applied in the
ACLLC-type DCT due to the increasing unknown coupled pa-
rameters. Another parameter design methodology is based on
the artificial intelligence (AI) algorithm [26], which can find
the optimum circuit parameters by comparing the predefined
objective functions with the possible circuit parameters. Unfor-
tunately, numerous unknown parameters of the ACLLC-type
DCT also bring algorithm complexity and heavy calculation
load by the AI algorithm. Note that both these parameter de-
sign methodologies hardly settle the issue induced by the prac-
tical values’ changes of inductances and capacitances due to the
model complexity and computational burden. In addition, how
to optimally design the parameters of the ACLLC-type DCT
with consideration of the aforementioned issues is also rarely
reported.

Therefore, a semi-Al-based simplified circuit parameter de-
sign approach is proposed for ACLLC-type DCT of the re-
newable energy system in this paper to ensure PT ability
and optimize VCG. Its main contributions are summarized as
follows:

1) Considering the parameter variations, the challenge and
design criteria of ACLLC-type DCT are refined from PT
and VCG point of view to facilitate parameter design by
transforming all unknown parameters to only two inter-
mediate parameters.

2) According to the derived design criteria, the optimum res-
onant circuit parameter design procedure is proposed with
the aid of semi-Al method. Meanwhile, an illustrative de-
sign example including a special planar transformer is also
presented in detail with the help of ANSYS Maxwell to
achieve the desired resonant parameters.

3) The proposed parameter design approach is experimen-
tally verified via a renewable energy system prototype as
well.

The rest of this paper is organized as follows: the design chal-
lenges of the ACLLC-type DCT are illustrated in Section II. In
view of PT and VCG, the design criteria of the DCT are proposed
in Section III to simplify the parameter design procedure. Subse-
quently, the semi-Al-based optimum resonant parameter design
procedure and a design example are presented in Sections IV
and V, respectively. Experimental verifications are illustrated in
Section VI, and Section VII summarizes this paper.
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Fig. 3. Equivalent model of the ACLLC-HFT when power is transferred as
(a) LV — HV and (b) HV — LV.

II. DESIGN CHALLENGES OF THE ACLLC-TYPE DCT
A. Parameters Need to Be Designed

According to Fig. 2(b), the key parameter design of ACLLC-
type DCT mainly depends on ACLLC-type HFT (ACLLC-
HFT). When power is transmitted bidirectionally, the equivalent
ACLLC-HFT circuit diagrams are depicted in Fig. 3, whose cir-
cuit parameters are arranged as follows:

1) magnetizing inductances: L.,,,; and L,,2;

2) leakage inductances: L, and L,o;

3) turn ratio: n;

4) series resonant capacitances: Cyq and C.o;

5) equivalent resistances: Ry and Ry, [19]

2
Ry — ReqH - VCD | - SVH (18.)
H= = =
n? n2icp TET T n2n2Py
QUAB 8n2VL2

Ry =n2Reqr =1 (1b)

'LAB |pH~>L = 7T2PL
where vop(ap) and icp(ap) denote voltage and current at CD
(AB) port, respectively.

B. Design Challenges

The actual values of inductances and capacitances are chang-
ing with power, temperature, etc. [29]. For convenience, the
variable ranges of the actual inductances and capacitances are
defined as follows:

Lz € [(1 - C%)LxRa (1 + C%)LﬁR}
Cy € [(1 = €%)Cors (1+E%)Cor]

where L, and C,, represent L1, L2, L1, Lo, and C}q and
C,2, respectively; L, and C, g are the designed values of L,
and C,, at the rated temperature and power; and (% and £% are
possible variable ranges of L, and C,, respectively, which are
achieved based on the possible variations of power and temper-
ature.

Based on (2), a reality issue comes up to ACLLC-type DCT:
It is known that the changing inductances, capacitances, and
power make the resonant frequency f,- vary online. However, the
switching frequency f is constant in the 50% duty cycle based
semiregulated (DCSR) open-loop control. Therefore, when the

(2a)
(2b)
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changing f,. deviates from the constant f, the inappropriate pa-
rameters may seriously degrade the PT and VCG of the ACLLC-
type DCT.

Therefore, the DCSR control poses a challenge on the param-
eter design of DCT against the resonant parameter variations to
guarantee the PT and VCG. It is noteworthy that good PT ability
also indicates high efficiency.

C. Objective

To cope with the issue in Section II-B, the parameters must be
appropriately designed against the parameter variations. How-
ever, as mentioned in the introduction, the existing design meth-
ods cannot fix the optimum inductances and capacitances when
considering the parameter variations, especially with the increas-
ing unknown parameters of ACLLC-type DCT. Therefore, a
suitable parameter design approach is required to achieve the
following two goals in the renewable energy system:

1) Ensure PT ability to naturally reduce the loss in entire

power range.

2) Optimize VCG to offset parameter variations.

This is the objective of the present paper, which will be
achieved by proposing a semi-Al-based robust resonant param-
eter design approach in the subsequent sections.

III. PT- AND VCG-ORIENTED DESIGN CRITERIA

To simplify the parameter design procedure, the design cri-
teria of ACLLC-type DCT are presented in this section for re-
newable energy system application to realize the following:

1) Criterion I is utilized to ensure the satisfactory PT.

2) Criterion II is employed to optimize the VCG.

Meanwhile, all unknown parameters are transformed to two
intermediate parameters, with the details elaborated further.

A. Design Criterion I to Ensure PT

1) Design Requirement Based on PT: In the following, to
further facilitate the resonant parameter design, a series of in-
termediate design indices (w1, w.1, O1, g, k) are defined

wi =1/v/Ly1Cpqy (3a)
wi =ws/wr (ws = 27f) (3b)
Q1 =L /Cr1/Ru (3¢)
g =n"Cr2/Cry (3d)
k= Ly1/Ly1 = Lina/Lyso. (3e)

The maximum PT depends on the relationship between f;
and f,.. Therefore, if ACLLC-type DCT is operating with open
loop, the design requirement from maximum PT point of view
is [25]

fs:fr- (4)

2) Design Criterion From PT Point of View:
a) Power flow with LV — HV: When power is transmit-
ted as LV — HV, as given in Fig. 3(a), the transfer function is
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obtained as
UC1D1

G(jws)|livsnav =
UAB

o OJsLmlRH (5)
[(werl - 1/(wsc7'1) + wsL’ml)RH + leq]
where Ly = Lyo/n?, Co = n?C,, and
Xeq = 2w§Lm1Lr1 + WELil - (Lml/crl) - (Lml/C2)

- (LTl/CQ) - (LQ/Crl) + (1/6«1?07»102).

To ensure the maximum PT, the DCT should operate at the
resonant status. Thus, the imaginary term of (5) is zero; i.e.,
Xeq = 0, which can be derived as

waT — ywiw? + 2wi =0 (6)
where

r=2k+1 (7Ta)

y=k+k/g+1/g+1 (7b)

z=1/g. (Tc)

Therefore, the resonant angular frequency defined as w, can
be achieved as

wp = \/(y +Vy? —4dxz)/(2x)w;. (3)

Since the value of L,,,; is much higher than L,.; in the designed
DCT, DCT is thus operating with the series resonant angular
frequency

Wrltvoav = fu, (k, g)wi (9a)
for b 9) 2\ + Vo —2w2)/(22). ()

b) Power flow with HV — LV: In a similar way, when the
power is transferred with HV — LV, as shown in Fig. 3(b), the
series resonant angular frequency can be achieved, and thus not
further discussed here.

¢) Conclusion of design criterion I: Therefore, f, should
be adjusted as (9). As a result, to maximize PT, design criterion
Iis

fs =wrr/2m = fo, (k,g)w

where w,. r indicates the value of w,. at the rated temperature and
power.

(10)

B. Design Criterion Il to Ensure VCG

1) Design Requirement Based on VCG: As mentioned in
Fig. 2, V, is kept by the dc subgrid. Practically, the fluctua-
tion exists in V, when cooperating with power dispatch method
of EMS [30]. Therefore, the actual variable range of V7, is de-
scribed as

VL S [(1 — ﬁ%)VLR, (1 + 6%)VLR] (11)

where V1 r denotes the rated voltage of V;, and 3% is the possible
variable range of V..

Additionally, the input voltage of BIC, Vy, should be re-
strained within a specific range, especially with constant power
load [31].

2) Vg cannot be too low as it must ensure BIC can maintain
ac bus voltage.

3) Vg cannot be too high as large Vi brings large voltage
stress on BIC.

Thus, the actual variable range of Vi is defined as

Vi € [(1 - a%)Var, (1 + a%)Vur] (12)

where Vi i denotes the rated voltage of Vi and a% is the pos-
sible variable range of V.

Since the ACLLC-type DCT must guarantee the well opera-
tion of BIC, the VCG of ACLLC-type DCT from LV side to HV
side should be appropriately designed to meet this requirement.
For convenience of description, the VCG of ACLLC-type DCT
at LV — HV, defined as M, is derived as

M(wi, Q1,9,k)ivouv = ||vcipi/vasl| = Va/(nVL)

A k
VAs(wia, Q1, 9)k2 + Ao (wir, Q1, 9)k + A (wi, Q1, 9)
(13)
where
w? —1 2
hr(wia, Q1,9) = %
w*l
Q3(gw? — 1)’
2(w? —1
)"QL(W*valvg) = %
w*l
y [Q?@guﬁl —g—1)(gw? — 1) N 1}
2 2
g w*l
(14b)

2
Qi(29w} —g—1)

ASL(W*lanag> = gng
*1

+1 (>1). (l4c)

Since the ACLLC-type DCT must ensure the well operation
of BIC, the parameters should be appropriately designed to make
VCG with LV — HV satisfy:

M € [ Minin, Miay] (15)

where
Myin = (1 —a%) - Var/[n- (1+8%) - Vor]  (16a)
Myax = (1+a%) - Vur/In-(1—B%) - VLr].  (16b)

Based on (15), it can be summarized from VCG point of view
that M must guarantee (15) at any operation cases of ACLLC-
type DCT in renewable energy system.

2) Design Criterion From VCG Point of View: To optimize
the VCG, the intermediate parameters w.;, (1, g, and k must
satisfy

(w*l,thak) = arg mln‘M_MR| (17)

where My denotes the desired value of M (w.1,@1,9, k).
Equation (17) means the parameters w1, QJ1, ¢,and kshould
minimize the value of | M (w.1, Q1, g, k) — Mg].
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C. Further Simplification of the Above Criteria

According to (10) and (17), it can be observed that the cri-
teria depend on four unknown parameters w,1, @1, g, and k,
which interact with each other and are hardly achieved by only
two known requirements in (4) and (15). Therefore, the design
criteria are further simplified in this section.

1) Variable Range of w.1, Q1, g, andk: Forw,: According
to (2), (3a), and (9), the actual w,; varies in the following range:

(18a)

Wyl € [W*lmina w*lmax]

wormin = V(1 = CH) (1 = €%) fu, (k, 9) £ Frorrrn (k5 9)
(18b)

Wxlmax — \/(]— + C%)(l + g%)fwr (kvg) é fw*llnax (k7g)
(18¢)

where fw,(k, g) refers to (9b); ¢ and £ are determined by the
selected resonant components.

Thus, the range of w,; depends on the value of k and g. This
is achieved from PT point of view to restrain the relationship
between fs and f;.

For Q;: To satisfy (15), it can be obtained that

M < Myax = Fi(k) 2 (hg — 1/M2,)k* + Aok + A1 > 0
(19a)

M > Muin = Fo(k) 2 (A3 — 1/M2, k2 + Aok + A1 < 0.
(19b)

To make (19) hold, the following condition should be satisfied

[25]:
Ql S [07 leax}
1< i3 < ——, when (20)
min Wyl € [w*lminy w*lmax] .
Substituting (14¢) into (20), it can be derived that
0< Ql S Ql max when Wil € [w*lmina w*lmax] (213)
GW«1 ]- - Mr%lin
leax == )
Mmin \| [29w7; — g — 1
L%+ R - g
(1= a%)/(1+ B%)] - [2gw? — g — 1]
A
= foimax(k, 9) (21b)

where « and 3 are determined by the specification of the pre-
designed actual renewable energy system. Therefore, Q1ax 1S
also the function of k and g.
From (21), the range of Q1 depends on the value of k and g.
For g: According to (2b) and (3d), the actual value of g is
achieved

g =n?Crar/Crip. (22)

Since the resonant capacitors are recommended to select the
same material, C.1 g and C).op are changing with the same fea-
tures. Therefore, the value of g basically remains the same at
any power/temperature conditions.
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Fig. 4.  Design criteria schematic of the ACLLC-type DCT.

For k: According to (2a) and (3e), the actual & is
k= Lmir/Lrir = Lm2r/Lrog.

It is worth explaining that L,,; (L,,2) and L,y (L.2) denote
the magnetizing inductance and leakage inductance of ACLLC-
HFT, respectively, and they share the same magnetic core.
Therefore, the value of k is relatively stable within allowable
temperature [19].

Therefore, four unknown parameters w1, @1, g, and k are
transformed to two unknown parameters g and k, which are
beneficial to simplify the parameter design.

2) Simplified Design Criteria: w.1 € |Wsimin, Welmax| 1 uti-
lized to ensure the PT. Meanwhile, M is function of (w,1, Q1,
g, k), and the ranges of Q1 and w, are determined by k and g.
Therefore, the design criteria are summarized as follows: con-
firm the optimum & and g to make (24) hold (see Fig. 4)

Ql € [Oa leax}
Wx1 S I:w*lmiru W*lmax]

(24a)
(24b)

(23)

M(k,g) € [Mmin, Muyax] when {

(k,g) = arg min|M (k, g) — M|

where @1 € [0, Qimax | mainly depends on the transmitted
power, and wy1 € |Wiimin, Wsimax | 18 induced by the variation
of the inductances and capacitances.

Remark I: The four unknown intermediate parameters
ws1, @1, g, and k are transformed to only two parameters k
and g, which avoids the needless calculations and greatly facili-
tates the parameter design. Besides, the proposed criteria in (24)
are utilized to assist the VCG optimization on the premise of
satisfied PT ability.

IV. PROPOSED SEMI-AI CIRCUIT PARAMETER DESIGN

In this section, based on the design criteria in (24), a semi-
Al circuit parameter design approach is proposed to derive the
parameters L1, Lo, L1, L2, Cr1, and C,.o of the ACLLC-
type DCT at the rated temperature and power condition. It aims
to realize the following:

1) Equation (24a) is satisfied to find the feasible solutions of

k and g under the satisfactory PT ability.

2) Equation (24b) is to determine the optimum solution of k

and g by optimizing the VCG.

The details are elaborated in the following.
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A. Preliminary of the Proposed Semi-Al Design Method

Before implementing the proposed semi-Al circuit parameter
design, certain parameters are designed.

1) Design of n: To operate with the simple open loop, the
turn ratio is selected as

n=Vugr/VLr.

2) Designofw,r: According to (10), the theoretical resonant
angular frequency at the rated power/temperature is

(25)

wyrr = 27 fs. (26)

3) Designof Q1r: @Q1r denotes the maximum value of Q; at
the rated power/temperature. According to (21b), Fig. 5 depicts
Q1max Versus w,1. According to Fig. 5, it is obtained that

27)

QlR = min [leax w*lzwilmax] .

w;l=w,1lmin’ leax

B. Proposed Semi-Al Design Method

A two-stage computer-assisted procedure is introduced for the
proposed semi-Al design method, as depicted in Fig. 6. Stage L is
utilized to find the feasible solutions of k and g that satisfy (24a)
of the proposed design criteria. Based on these feasible solutions,
the optimum solution of k and g is determined to satisfy (24b)
of the proposed design criteria in Stage II.

1) Stage I: Achieve the Feasible Solutions of k and g: To find
the feasible solutions of k and g, a general approach shown in
Fig. 7 is proposed. The details are elaborated as follows.

a) Initialization: 1, J, ko[.], and go[.][4] are introduced to
help store the feasible solutions of k and g that satisfy (24a). §
denotes the initial value of k and g, which is a small positive
constant.

b) Find the feasible solutions of k and g: Equation (24a)
in the proposed criteria must be satisfied to meet the VCG
requirement, when the PT ability is guaranteed in the entire
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Fig. 7. Flowchart to find feasible solutions of k and g.

power range, i.e., M(k, g) € [ Mmin, Mmax] when Q; € [0,
leax] and Wyl € [W*lmin, W*lmax]-

c) Update the values of k and g: According to (3d), since
g=n2Cp2/Cr1, g — 0 when C,.y — o0, and g — o when
Cyro — oc. Therefore, the value of g varies within (0, o). Here,
Zgmax 18 recommended to be selected as 10° to simulate co. Ac-
cording to (3e), a larger value of k indicates a larger size of
ACLLC-type HFT. As a result, though the maximal value of k
can also be theoretically selected as kpax = 0, kpyax 1S recom-
mended to be selected with consideration of the actual volume
and voltage gain requirements of the HFT. d;, and J, denote
the increment of k and g, respectively, which are determined by
processor ability.

It can be observed from this procedure that each feasible so-
lution of k can cooperate with more than one feasible solution of
g. This also means that when the transformer is designed based
on the feasible k, there are many choices of the capacitance ratio
g to satisty the VCG requirement.

2) Stage II: Determine the Optimum Solution of k and g:
It is worthy to point out that the feasible solutions of k and g
hardly maintain the deviation between M and My minimum.
To solve this problem, the optimum solution of k and g is fur-
ther confirmed by the approach shown in Fig. 8. The details are
analyzed in the following.

a) Initialization: kepy and gy are introduced to store the
optimum solution of k and g, respectively. Mo, 1s utilized to
achieve the minimum value of the objective function.

b) Determine the optimum solution of k and g: To decrease
computational burden, (24b) in the proposed criteria is converted
into the following form:

leleax Wy1 =W, min

foilksg) = > > M- Mg
Q1=0 w1 =w, min
k€ k[ . .
h * — 0— 3 =0- .
v “‘{g € golllal ¢ b#=0-J)

(28)
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Fig. 8.

c) Update the value of k and g: By substituting all feasible
solutions of k and g into (28), the pair of k and g that makes
fobj(k, g) minimum can be finally accepted as optimum and
stored in kop and gope. This step is also illustrated in Fig. 8.

C. Determine the Parameters L1 g, Lror, Limir, Lim2r,
Crir, Cror

Lyir = QirRu fuo, (kopts Gopt) /wrR (29a)
Lyor = 0*Q1r R fu, (opt, Jopt) /wrr (29b)
Lk = kopt Q1R RH fo, (Kopt, Gopt) /wrR (29¢)

Linz = koptn*>Q1rR# foo. (Kopt Gopt) /wr R (29d)
Crir = fuo, (kopts Gopt)/ @1 rRuwrr (2%)
Crar = goptCrir/n”. (291)

Remark I1: Different from the conventional parameter de-
sign approach based on the complex derivations [19], [25], our
proposed semi-Al optimal parameter design approach can be
easily implemented via a simple looping algorithm. Besides, to
offset the parameter variations in the full power range, the reso-
nant parameters are determined via optimizing the VCG on the
premise of the satisfied PT. Therefore, no closed-loop control is
required as the PT and VCG can be naturally guaranteed with
the proposed approach.

V. DESIGN EXAMPLE BASED ON THE PROPOSED
SEMI-AI APPROACH

In this section, a detailed ACLLC-type DCT with the spec-
ifications shown in Table I is designed based on the proposed
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TABLE I
SPECIFICATION OF THE ACLLC-TYPE DCT FOR VALIDATION

Parameters Description Value
7 LV side voltage 380 V
Vy HV side voltage 760 V
1 Switching frequency 100 kHz
% =% Variation of the resonant 1%
parameters
a%=p% Variation of the HV and LV 2%
side voltages
P Rated power 6 kW

'S
4

v(CﬂA-Crm)/ Crr
(Ci2a-Cior)/ Cior

(M
*

(Lma-Luir)/ Luar
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Percentage (%)
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.

W
-

. (Lna-Lur)/ Lur
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—
o
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Temperature(°C)

Fig. 9. Parameter deviation percentage under different temperatures.

semi-Al design method. Note that the following procedures are
only example to make the implementation of the proposed semi-
Al design more accessible. The variation (% = £% = 4% in
Table I is achieved by measuring parameter deviation percent-
ages within possible temperatures offline, as shown in Fig. 9.
It is also noteworthy that if resonant components are made of
various materials, structures, and so on, the variation 4% may
be different.

A. Step-by-Step Parameter Determination

According to Section IV, step-by-step parameter design pro-
cedures of ACLLC-type DCT are elaborated as follows:

Step 1: Based on (25), n = 2; therefore, M p = 1 canbe achieved.

Step 2: According to (26), w,r = 628 x 103 rad/s.

Step 3: According to Section IV-B, considering the volume lim-
itation and fop;(k, ¢), the optimum solution of £ and g is
achieved as

kopt = 50, Jopt = 1.19. (30)

Step 4: According to (21b), (27), and the values of ko, and gopt
in Step 3, Q1 = 1.72.

Step 5: According to (29) and the obtained n, wyr, Q1R, kopt.
and gopt, the values of the L1 g, Lyor, Lmirs Lim2r, Crirs
and C.or are derived as follows:

1) Liag = 51.6 uH; Lig = 2.58 mH; Crip =
0.0457 uF.

2) Lyop =206.4puH;  Lyop =1032mH;  Crop =
0.0136 uF.
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Fig. 10.  3-D model of the designed planar transformer.
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Fig. 11.  Simplified diagram of the planar transformer.

B. Transformer Design Based on the Required Parameters in
Step 5

1) Transformer Structure Selection: To achieve the optimum
transformer parameters of Step 5, a high-frequency planar trans-
former is introduced in ACLLC-type DCT due to its advantages
of excellent thermal characteristics, low profile, predictable par-
asitic parameters, etc. The magnetizing inductances are adjusted
by the number of the turns and the air gap, while the leakage
inductances are regulated by the distance between primary and
secondary windings.

In order to acquire the desired resonant leakage inductance as
well as the magnetizing inductance at the rated power, four fer-
rite magnetic cores are employed with the same type ELP64
(width)/10 (depth)/50 (length) to make the design procedure
flexible. By means of the ANSYS Maxwell, the established
three-dimensional (3-D) model of the transformer is shown in
Fig. 10, with the details illustrated in the following.

2) Transformer Design to Achieve the Required Resonant Pa-
rameters: The simplified diagram of the planar transformer is
shown in Fig. 11, where d,, indicates the total thickness of the
windings, d, is the thickness of the air gap, and n,, and n, are
primary and secondary winding numbers, respectively. Since the
required parameters in Step 5 depend on ny, ns, dps, and dgp,
two procedures are conducted in the following.

a) Procedure I: Obtain ny, n,, and d,s based on required
L,1r: Thespecific procedure Iis rearranged in Fig. 12(a), where
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Ny, N5, d1=0, dys
'

Update dy

Is (32) satisfied?
N

Y
Y
Output n,, ny and dps Output d,,

(2) (b)

Fig. 12.  Flowchart to achieve (a) ny, ns, and dgp, and (b) dgyp.

Nmax depends on the area of transformer window, and dy and
Ny are utilized to update the value of d,; and n,, respectively.
Since L, is proportional to n,, and dj,s [33], and the larger value
of n,, brings more copper loss, dj is initially set large enough in
the permitted range, and N is initially set small enough.

InFig. 12(a), by calculating the value of L,.; with the magnetic
energy method in [34], the values of n,, ng, and d,s will be
output once the value of L, satisfies

(1 - C%)LrlR S Lrl S (1 + C%)LrlR

otherwise, the values of dy and N will be updated in the allow-
able range.

Therefore, combining the parameters Nya.x = 50, dy =
9.5 mm, and the given L, R, it can be finally achieved that
ny = 30, ng = 60, and dp, = 9.75 mm.

b) Procedure Il: Acquire d, based on the obtained L1 g:
Fig. 12(b) shows the flowchart to determine d,j, whose initial
value is set as zero. By means of the magnetic circuit analysis in
[35], Ly,1 can be derived with the known ny,, ng, and d,,. The
value of d,;, will be confirmed, if L., satisfies

(1 - g%)LmlR < Lml < (1 + C%)LmlR

otherwise, the value of d; will be updated with the fixed interval
da.

Combining the parameters in Procedure [ and the given L,,1 g,
dap = 0.57mm is finally confirmed.

3) Designed Transformer Verification: To verify the correct-
ness of the values n,, ns, dps, and d,, the finite-element anal-
ysis simulation has been conducted with the help of ANSYS
Maxwell. The distributions of magnetic flux density @ 100 kHz
for the leakage and magnetic inductances are achieved in Fig. 13.
Table I summarizes the simulated and target values of L,.1(2)r
and L, 1(2)r- It can be concluded from Table II that the simu-
lated value shows acceptable relative error, which validates the
successful transformer design.

To make the proposed semi-Al approach more accessible, a
flowchart has been summarized in Fig. 14. Note that all reso-
nant parameter variations have been considered to reduce the
unknown parameter number. As a result, the simplified criteria
in (24) can be derived to guide the semi-Al design. Besides,
the transformer design in Section V is just an implementation

€1y

(32)
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TABLE II
COMPARISON BETWEEN SIMULATED AND TARGET RESONANT PARAMETERS

Simulated Relative error

Parameters value Target value (%)
Lar 52.6 pH 51.6 pH 1.94
Log 210.4 pH 206.4 pH 1.94
Lor 2.58 mH 2.58 mH 0
Lyor 10.32mH 10.328mH 0

method to obtain the acquired resonant parameters. If the power
density should be further improved, not only the special trans-
former design should be considered, but also the proper struc-
ture design, efficient PCB design, and cooling way are essential.
These are vital to optimize the power density, but not the focus of
this paper; thus, the power density improvement will be studied
in future.

VI. EXPERIMENTAL VERIFICATION

Based on the design example of Section V, an ACLLC-type
DCT prototype is developed and integrated into a real renew-
able energy system as given in Fig. 15. The dc programmable
source is utilized to simulate PV. Both the dc and ac load banks
are introduced to obtain various load profiles. The BIC directly
tied with HV side of DCT is employed to construct ac subgrid.
The battery energy storage system is introduced to establish dc
subgrid, which is also tied to the LV side of DCT. AC output of
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Design challenge analysis of the DCT in
the renewable energy system

l

Establish the mathematical model (5) and (13)

)

. Derive the criterion-I based on PT in (10)
Sty miiy | | Derive the criterion-II based on VCG in (17)

i

Simplify the criteria as (24) by transforming all unknown
parameters to two intermidiate parameters according to (18) and
(21) ~ (23)

|

Propose semi-Al design as Fig. 7 and 8 based on the criteria in (24)
Section IV e Ensure the PT ability.
e Optimize the VCG.

Section II

Design example to facilitate the implementation
e Step-by-step parameter determination (Section V-A)

Section V . Transformer design to obtain required parameters (Section
V-B)
Fig. 14.  Flowchart of the proposed semi-Al approach.
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Fig. 15. ACLLC-type DCT based on renewable energy system prototype.
TABLE III
PRACTICAL SPECIFICATIONS OF ACLLC-TYPE DCT
Item Parameter
Semiconductor device C2M0080120D
Resonant capacitor 940C30SXK-F(X=1/15/22)
Cn 0.0457 pF
Cy 0.0136 uF
Digital signal processor TMS320F28335
Switching dead-time 100 ns
Core material Ferrite
Transformer Primary windings 30 turns
Secondary windings 60 turns

Number of SiC-MOSFET 8
Output Capacitance of SiIC-MOSFET (C,,) 80 pF
Drain-source on-state resistance 80 mQ

BIC is directly connected with ac programmable source, which
simulates the utility grid. BIC is regulated by the DSPACE.
The detailed experimental parameters of the ACLLC-type
DCT are described in Table III and Section V. Since the de-
signed parameters are robust enough against the variations of
the temperature and power, the DSP board is only utilized to
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Fig. 16. Waveforms of ACLLC-type DCT at rated power. (a) Voltage and

current waveforms with power transmitted as LV — HV. (b) Power waveforms
with power transmitted as LV — HV. (c) Voltage and current waveforms with
power transmitted as HV — LV. (d) Power waveforms with power transmitted
as HV — LV.

provide the pulse with fixed frequency. Therefore, no feedback
is required in the designed DCT system.

A. Bidirectional Power Flow Characteristics

The characteristics of ACLLC-type DCT are tested in this
section to verify the effectiveness of the designed transformer
and resonant network. When f; = f;, the results are depicted in
Fig. 16, where v;;, (i.e., vap in Fig. 16(a) and vcp in Fig. 16(c))
and i;, (i.e., iap in Fig. 16(a) and icp in Fig. 16(c)) indicate
the equivalent input voltage and current of the ACLLC-HFT
respectively.

As illustrated in Fig. 16(a), vi,, and i, are kept in phase to
reduce the conduction loss when the rated power is transmitted
with LV — HYV, and Fig. 16(b) presents the corresponding power
waveforms. When power is transmitted with HV — LV, the same
ACLLC-type DCT characteristics are presented in Fig. 16(c)
and (d).

B. PT and VCG Verification

As measured in Fig. 9, the practical values of the inductances
and capacitances are changing with the temperature; thus, f,
varies online. Meanwhile, f; is constant in the open-loop con-
trol. Therefore, the real f;/f, is not constant in practice. For
the determined resonant parameters, it is hard to regulate f,/ f..
by changing f, in the experiment. Fortunately, fs can be eas-
ily changed online. Therefore, the variation of fs/f,. can be
experimentally simulated by slightly changing f online to ver-
ify the characteristics of the proposed method. Consequently, in
this section, the parameter variations with f;/f. € [0.96, 1.04]
given in Section V are introduced to simulate the temperature
variation by changing f.

1) PT Characteristics: The PT ability against the parame-
ter variations has been verified, as shown in Figs. 17 and 18.
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Fig. 17.  Waveforms of the voltages and power of ACLLC-type DCT under
fs = fr. The power is transmitted with (a) LV — HV and (b) HV — LV from
half to full load. The power is transmitted with (¢) LV — HV and (d) HV — LV
from full to half load.

0.99 HV—=L\

0.98

0.97]

Efficiency (%)

0.96]

0.95)

0.94
-6000

-4000 -2000 0 2000 4000 6000
P(W)

(@)

0 HV—-LV
0 LV—HV

o
©
©

e
©
>

=]
=)
3

Efficiency (%)
0o

o
©
O

g y
0.95 !
0.96 097 098 099 1 1.01 1.02 1.03 1.04

s/ Ir

(b)

Fig. 18.  Efficiency of ACLLC-type DCT (a) in entire power range when fs =
fr and (b) when f; varies within [0.96 f,, 1.04 f,-] at rated power.

As observed from Fig. 17 with f; = f;, 2V is basically the
same with V7, no matter the power is changed from half to full
load or from full to half load bidirectionally. Besides, the tran-
sient settling time is less than 6 ms under the bidirectional PT
conditions to recover to the new steady status. The similar wave-
forms can be achieved by considering the parameter variations
with fs/f, € [0.96, 1.04] when power varies between half and
full load bidirectionally.

Practically, the efficiency of ACLLC-type DCT directly re-
flects its PT ability. Fig. 18 depicts the efficiency of ACLLC-
type DCT when both power and fs/f, vary bidirectionally.
Fig. 18(a) shows bidirectional efficiency of ACLLC-type DCT
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Fig. 19. M of ACLLC-type DCT at (a) entire power range and (b) rated power.

at fs/f- =1 in entire power range. The maximum efficiency
is close to 98.2%. Fig. 18(b) depicts bidirectional efficiency of
ACLLC-type DCT when f,/ f,. varies within [0.96, 1.04] at rated
power condition.

These results verify the satisfactory PT ability of the designed
ACLLC-type DCT while considering the parameter variations.

2) VCG Characteristics: In order to achieve VCG character-
istics against parameter variations, M of the designed ACLLC-
type DCT with LV — HV has been measured at entire power
range, as summarized in Fig. 19.

Fig. 19(a) shows M of ACLLC-type DCT at entire power
range when the value of f/f, is selected as 0.96, 1, and 1.04.
It can be observed that for the given f,/f., M is decreased
with power. Fig. 19(b) presents M of ACLLC-type DCT at rated
power when f5/ f, is changed from 0.96 to 1.04. The ACLLC-
type DCT can always keep its M between M i, (0.96) and M.«
(1.04), which satisfies the VCG requirement in (15). Thus, the
designed ACLLC-type DCT enjoys robust VCG.

C. Other Characteristics of the Proposed DCT

1) Loss Analysis: The detailed system loss breakdown at the
rated power is depicted in Fig. 20, where the loss of the power
semiconductor device (SiC MOSFET) involves the conduction
and switching losses. Fig. 20(a) presents the specific power loss
value, and Fig. 20(b) summarizes the power loss ratio. It is note-
worthy that both the capacitive turn-ON loss and the body diode
recovery loss are considered to derive the switching loss. It can
be observed that the loss is mainly induced by the SiC MOSFET
and the copper of transformer. Since the copper loss largely de-
pends on the power rating and the winding configuration of the
transformer, it is not the focus of this paper. Meanwhile, the con-
duction loss of the SiC MOSFET largely depends on the device
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Fig.20.  System loss breakdown at rated power. (a) Power loss (W). (b) Power
loss ratio.

itself. Therefore, only the switching loss of the SiC MOSFET will
be further discussed in the following.

In the proposed approach, both the good PT and optimum
VCG are conductive to reduce the switching loss by keeping high
power factor and quasi-zero current switching. To verify this, the
device voltage, current, and driver voltage of SiC MOSFET have
been measured in the full power range, as shown in Fig. 21. Ap-
parently, by adopting the proposed approach, the semiconductor
device (SiC MOSFET) is turned ON and OFF only when the reso-
nant current is basically zero. Therefore, the switching loss of
the device is small in the entire power range. These results are
consistent with Remark II.

2) Characteristics of the Proposed DCT Under Various In-
put Voltages: To verify the characteristics of the proposed DCT
under various input voltages, the output dc voltage, power, and
HFT input voltage and current are given in Fig. 22 when the
transmitted power remains unchanged.

It can be observed that under different input dc voltages (LV
side) of 300 V in Fig. 22(a) and 200 V in Fig. 22(b), the output
dc voltage (HV side) is kept n (=2) times of the input voltage
(LV side), which indicates that the robust VCG ability is guaran-
teed under various input voltages. In addition, the input voltage
of HFT is kept in phase with its input current based on the en-
larged part of Fig. 22, and thus the satisfactory PT ability is
obtained.

3) HFT Current (i.e., Switch Current) Analysis Under Dif-
ferent Load Conditions: The HFT current is constituted by the
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Fig.21. Waveforms of the device voltage, driver voltage, and resonant current

at different powers. (a) 500 W. (b) 3 kW. (c) 6 kW.

switch current of the upper arm at the positive half cycle, and
switch current of the lower arm at the negative half cycle. There-
fore, if the HFT current is measured, the switch currents of both
the upper and lower arms will be obtained.

The HFT currents at both LV side and HV side have been
tested at different load conditions, as shown in Fig. 23. Ob-
viously, HFT current at LV side is kept sinusoidal and its
value is n (=2) times of that at the HV side in entire power
range.

These results also mean that the proposed approach effec-
tively guarantees that the switch currents at both LV side and
HV side change in synchronization in the entire power range
and are maintained in the same phase with HFT voltage to re-
duce conduction loss.

4) Transient Characteristics of the Proposed DCT: The char-
acteristics of the proposed DCT when the load transient occurs
are further analyzed in this section. When the power reference is
changed from 3 to 5 kW, the results are given in Fig. 24, where
the actual power recovers to its new steady state within 1 ms.
Meanwhile, the dc voltage at the LV side is kept stable during
this transient.
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Fig.23.  Waveforms of the HFT currents and input voltage under different load
conditions. (a) 500 W. (b) 700 W. (c) 3 kW. (d) 5.6 kW.

D. Comparison Between the Approach in [25] and the
Proposed Approach

To demonstrate the superiority of the proposed approach, both
the PT and VCG ability have been compared with the approach
in [25]. For a fair comparison, the related resonant components
adopt the same material.
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Fig. 24.  Transient waveforms of designed DCT.
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Fig. 25. Power loss breakdown comparison of the approach in [25] and the
proposed approach at (a) 500 W, (b) 3 kW, and (c) 5 kW.

Since the superiority of PT ability can be evaluated by effi-
ciency, the detailed power loss breakdown has been compared as
shown in Fig. 25, where the capacitive turn-ON loss and the body
diode recovery loss are taken in account to obtain the switching
loss. During the light-load condition as Fig. 25(a), the power
loss is mainly induced by the switching and core. When the
power is further increased as shown in Fig. 25(b) and (c), it can
be observed that compared to the approach in [25], the copper
loss of the proposed approach is reduced by more than 13%,
and its conduction loss is reduced by more than 10% because
the proposed approach is beneficial to suppress the amplitude of
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Fig. 26. Improved VCG ratio of the proposed approach in entire power range.

the resonant current. Therefore, the proposed approach exhibits
satisfactory efficiency as shown in Fig. 18.

For the VCG ability comparison, the improved VCG ratio
of the proposed approach is introduced by (|M — Mpg|j25 —
|M - MR|pr0posedapproach)/|M - MR|[25]’ where |M - MR
|125] (proposed approach) 1S the value of [M — Mpg| obtained by
[25] (the proposed approach). The results are shown in Fig. 26.
Apparently, the maximum value of the improved VCG ratio is
close to 80%, and the average value of the improved VCG ratio
in Fig. 26 is more than 40%.

These comparisons further verify the superiority of VCG abil-
ity in the proposed approach.

VII. CONCLUSION

In the renewable energy system, the ACLLC-type DCT is usu-
ally recommended to employ the low-cost open-loop control to
corporate with BIC to simplify the systematic design. However,
this ACLLC-type DCT may lose its required VCG and deterio-
rate the PT ability of the renewable energy system when the reso-
nant frequency changes in different operation cases. Therefore,
a semi-Al-based circuit design method has been put forward
in this paper, combining the advantages of both mathematical-
model-based and Al-based design methods and removing their
shortages. It replaces all unknown parameters with two inter-
mediate parameters to optimally design the parameters of the
circuit via a very simple computer-assisted procedure. With the
proposed method, not only good PT ability is guaranteed, but
also optimized VCG is achieved against the parameter varia-
tions. In addition, an example with a planar transformer design
is further illustrated with the aid of ANSYS Maxwell. Finally, an
experimental ACLLC-type DCT prototype has been embedded
in a real renewable energy system to verify the effectiveness of
the proposed design method. Based on the designed parameters,
the optimum switching frequency should be further selected to
ensure the high efficiency, which is recommended as a potential
future work direction.
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