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Abstract—With the advancement of material science, various
smart materials with intrinsic capacitive property are emerging.
The high-voltage (HV) power electronics converters with bidirec-
tional energy flow functionality for supplying the capacitive load
are highly demanded. A switching cycle-based analytical model of
an HV bidirectional converter driving capacitive load is beneficial
in thoroughly understanding the operational behavior, investigat-
ing the energy efficiency, and optimizing the design. In this paper,
an HV bidirectional flyback converter for capacitive load is gen-
erally discussed in terms of configuration and working principle.
Considering the parasitic elements as well as the core loss effect,
the converter is modeled with analytical formulas for one switching
cycle. The comparison between the model-based calculation results
and prototype experiments-based measurement results are used to
validate the analytical model.

Index Terms—Analytical modeling, bidirectional, capacitive
load, flyback, high voltage (HV), switching cycle.

I. INTRODUCTION

OWER electronics technology focuses on processing
P power in order to supply the load as required with mini-
mum cost in terms of power loss (high efficiency), volume (high
power density), and price (low cost) [1]-[3]. Since the equip-
ment or devices with resistive or resistive—inductive character-
istic have been intensively used, such as the electrical heater,
motor, and lighting appliance, most research in this field pays
attention to the resistive or resistive—inductive load. In the past
decades, with the rapid development of material science, a va-
riety of smart material with intrinsic capacitive property is con-
stantly emerging. Due to their advantages, such as light weight,
compact size, nonmagnetic, and the ability to directly generate
mechanical motion under external voltage, they tend to become
a desired candidate in various actuation systems to replace the
conventional hydraulic, pneumatic, or electromagnetic actuator.
Taking the modern heating system as an example, the smart
material-based actuator can be used to replace the conventional
counterparts inside the thermostat in order to save energy or to
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provide noise-free operation. In addition, the conceptual ultra-
flat loudspeaker is possible to be formed by the light and flexible
smart material. Furthermore, the actuation system involved in
the modern bionic robot can easily be achieved through the
smart material technology. In order to supply the capacitive ac-
tuators as required, a considerable effort needs to be dedicated to
develop the applicable power electronics converters with com-
petitive efficiency, size, as well as cost.

Piezoelectric and dielectric electroactive polymer (DEAP)
materials are two types of smart material with highly capaci-
tive characteristic [4], [5]. They share a similar structure—an
insulating layer sandwiched between two compliant conducting
electrodes. The ceramic material forms a dielectric layer in the
piezoelectric case and the soft silicone polymer is employed for
DEAP material. Once an electric field is applied to the capac-
itive materials, the deformation of the insulation layer will be
induced due to the inverse piezoelectric effect or electrostatic
force. This intrinsic property enables the actuators composed of
capacitive materials. One common challenge in driving capaci-
tive actuators is the relatively high stimulating voltage: Thanks
to the employment of multilayer structure in piezoelectric actu-
ator, this voltage can be reduced to the range of hundred volts;
however, in DEAP case, the voltage still needs to be in the vicin-
ity of several kilovolts in order to fully elongate the actuator.
Normally, this high voltage (HV) cannot be directly available,
especially in the autonomous circumstance, which actually will
be the most case for the system consisting of capacitive actua-
tor. Thus, a converter with the features of low input voltage and
high output voltage needs to be investigated. Besides, to avoid
the waste of electrical energy stored in the capacitive actuator,
the energy (charge) recovery technique needs to be employed
in order to recycle the energy to the power source when the
actuator needs to be released [6]. Hence, a converter which can
deal with the bidirectional energy flow tends to be a desired
candidate in this case.

As a simple and easily implemented configuration with gal-
vanic isolation functionality, flyback topology has been widely
used in power electronics industry, such as the laptop and mo-
bile phone charger, standby power supplies, etc., [7], [8]. Re-
cently, due to the energy crisis, researchers in power electronics
community concentrate more on investigating the flyback-based
inverters for renewable energy applications [9]-[15]. Besides,
the investigation regarding the flyback has also been intensively
carried out in the field of light-emitting diode driver [16]-[22].
As amature technology, flyback is well suited for the high output
voltage applications since no extra inductor is needed in the HV
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side, and it had already been successfully applied in the color
TVs to generate HV [23]-[25]. Flyback topology can easily
achieve the bidirectional energy flow by replacing the rectifier
diode with an active semiconductor device in the secondary side
[26], [27]. The emerging of smart materials will encourage the
research into the HV bidirectional energy conversion for capac-
itive load in the coming years. Preliminary research has been
conducted to design and implement the bidirectional HV flyback
converter for capacitive actuators [28]-[30]. As a critical part
in flyback configuration, the transformer (coupled inductors)
considerably affects the operational behavior due to the para-
sitic elements, especially in the HV condition [7], [31]-[34].
Compared to the converter feeding the resistive load, the capac-
itive property of the actuators will introduce different operating
behavior for the energy conversion. The effect of core loss needs
to be taken into account in this capacitive load case, if an accu-
rate model is set to be the ultimate goal. Hence, the operational
behavior is worthy to be investigated in the bidirectional energy
flow for HV converter with capacitive load in order to thoroughly
understand the working principle, which will be beneficial for
analyzing the efficiency, providing the design guideline as well
as optimizing the design.

This paper will focus on the analytical behavioral modeling
of the bidirectional HV flyback converter for capacitive load
in each switching cycle with the consideration of core loss ef-
fect. In Section II, the bidirectional HV flyback converter for
capacitive load is described in terms of configuration and funda-
mental operation principle. The general discussion, definition,
and consideration utilized to perform the analytical modeling
as well as the detailed analytical switching cycle modeling are
presented in Section III. In Section IV, the analyzed model is
verified through the comparison between the calculated results
and the experimental ones for both charging and discharging
mode. The efficiency comparison is applied to verify the im-
portance of considering the core loss. A conclusion is drawn in
Section V.

II. DESCRIPTION OF BIDIRECTIONAL HV FLYBACK
CONVERTER FOR CAPACITIVE LOAD

A. Topology and Configuration

The proposed bidirectional HV flyback converter for capaci-
tive load is depicted in Fig. 1. Due to the poor performance of
body diode inside the HV MOSFET (S>), two extra HV diodes
(D9 and Dy9) are employed to block the current through the
body diode and to form the freewheeling path for the secondary-
side current, respectively. The current sensing resistors (RFP;,
RP,, and RP3) are applied in order to realize the current loop
control. As aforementioned, the parasitic components in flyback
transformer will introduce significant influence to the operation
of the converter, especially in the HV condition, and must be
considered in the analytical modeling. The most critical para-
sitic element in the HV transformer is the secondary winding
stray capacitance caused by a large number of winding turns
[31], [32]. Combined with other parasitic capacitances in the
HV side, such as the junction capacitance of HV diodes and
the output capacitance of the HV MOSFET, an equivalent stray
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Fig. 1.
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Configuration of bidirectional HV flyback converter for capacitive

capacitance Cy.q paralleled to secondary winding of transformer
is utilized to represent the effect of parasitic capacitances. In ad-
dition, the leakage inductance (L, and L)) has always been fo-
cused on by the researchers who want to improve the efficiency
[7]. It should be noted that the primary-side leakage inductance
(Lp1) and secondary-side leakage inductance (Lg) cannot exist
simultaneously. When the energy flow is from primary side to
secondary side, Ly, is adopted to stand for the untransferrable
energy stored in the flyback transformer. The same concept
applies to L. Furthermore, in order to establish the precise an-
alytical model, the winding resistances (1, and Ry, ) cannot
be neglected [33], [34]. All the essential parasitic elements are
shown in Fig. 1 as well. For precisely analyzing the behavior
of the converter supplying the capacitive load, the impact of the
core loss must be considered as in the conventional converter
for resistive load. Resistive element is proved to be an effec-
tive means to represent the core loss. An equivalent resistance
of core loss reflected to the secondary side (R..qs), therefore,
is employed to stand for the influence of the core loss in each
switching cycle.

B. General Operation Principle

Unlike the conventional dc—dc converter, the bidirectional HV
converter designed for capacitive load normally does not operate
in the steady state. The common operating states consist of the
charging mode (the output voltage increases)—energy transfers
from source to the capacitive load—and the discharging mode
(the output voltage decreases)—energy recycles from capacitive
load to power source. The entire charging process from zero
till the preset maximum output voltage is just like the startup
process in the conventional converter, and consists of a large
number of successive switching charging cycles. Similarly, the
overall discharging process is comprised of a lot of successive
switching cycles to discharge the capacitive load from maximum
voltage to zero. The variation of output voltage in the normal
operation is shown in Fig. 2 with the identification of entire
charging and discharging process, as well as switching cycles in
charging and discharging mode. In order to achieve the complete
energy transfer in each switching cycle, the current involved
in the flyback transformer can be controlled to operate in the
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Fig. 2. Output voltage variation in the normal operation.

boundary conduction mode (BCM) or discontinuous conduction
mode (DCM).

III. ANALYTICAL MODELING
A. General Discussion and Definitions

As the typical and long-term operation status in conven-
tional dc—dc converter, the steady state has been traditionally
researched in terms of modeling and detailed analysis. Corre-
spondingly, the charging and discharging modes, as the normal
operating states, in the converter with capacitive load are nec-
essary to be thoroughly investigated. Referring to Fig. 2, the
charging process contains a series of switching cycles, and the
behavior in one switching cycle differs from that in another one
due to the variable initial output voltage. In spite of this, all the
switching cycles share the same fundamental analytical model.
Hence, the investigation of charging mode can be focused on
just one single charging cycle. The same concept can also be ap-
plied to the discharging mode. In this paper, the charging mode
will be analyzed in BCM, which is beneficial in achieving a fast
charging process, while the discharge mode will be modeled in
DCM, which can easily be implemented. Due to the employ-
ment of two control ICs, the BCM for charging process and the
DCM for the discharging cycles can easily be achieved.

In the circuit shown in Fig. 1, as aforementioned, L,
and Ly, are primary and secondary magnetizing inductances,
respectively. L, and Lg are primary and secondary leak-
age inductances, respectively, and L, = Ly, + Ly as well as
Ly = L, + Ly are utilized to stand for the primary and sec-
ondary total inductance. RP;, RP», and R P; are the resistances
of three current sensing resistors. The secondary-side equiva-
lent parasitic capacitance paralleled to transformer winding is
denoted as Cieq. VD21 and Vi are the forward voltage drop
of HV diodes Dy, and Dsy, respectively. In fact, the voltage
drop changes with the forward current. To reduce the complex-
ity, the constant forward voltage drop is assumed here. In the
discharging mode, the body diode of primary switch (.S1) plays
the role of freewheeling, and its forward voltage drop is denoted
as Vhqs1- In order to improve the accuracy of the model, the
on-resistances of MOSFETSs (S; and S5) need to be taken into
account, especially that for the HV MOSFET due to its large
value. On the other hand, to simplify the analytical model, the
on-resistances are considered to be a fixed value and denoted as
Risons1 and Rggons2, respectively. Winding resistances (R
and Ry, ) are frequency related parameters and do not have the
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fixed values, which will be defined in the analytical modeling
later. C', is utilized to stand for the capacitance of the capaci-
tive load. Vi, is the input voltage source with fixed value, V, is
the output voltage, and the initial output voltage for the current
switching cycle is denoted as Viini. U5 is used to stand for the
voltage over the equivalent parasitic capacitance Cy.q. Consid-
ering the measuring of the current in reality, it is reasonable to
use the voltages over the current sensing resistors Vrp1 Vgpa,
and Vg p3 to represent the currents in the circuit. The voltages
over transformer windings are denoted as Uy, and Us,, re-
spectively, and the positive directions for all the voltages are
illustrated in Fig. 1. The primary current /, and secondary cur-
rent I, are also depicted in Fig. 1 with their positive directions.
The current through Cy. is denoted as I..; with the correspond-
ing positive direction to the voltage. Due to the impact of Cicq
and the equivalent resistance of core loss, the secondary current
I cannot stand for the secondary-side winding current, which is
then denoted as I;,, with the positive direction shown in Fig. 1.

B. Discussion of Core Loss and its Equivalent
Resistance Reeqs

It is reasonable to discuss the converter with capacitive load
from the energy point of view, since there is no real output
power for this type of converter. For charging mode, in a certain
switching cycle, the input energy from power source can be
assumed to be fixed if the corresponding current control mode
is employed; thus, the energy increase over the capacitive load
will depend on the energy losses for all the components in the
converter. Therefore, in order to accurately predict the voltage
variation of the load during this switching period, all the losses
need to be taken into account, including the core loss. In terms
of energy flow, the discharging mode can be considered to be
the reverse process of charging mode. To establish the precise
model, the core loss effect cannot be neglected as well.

The most commonly used method to calculate core loss is
the Steinmetz equation. It should be noted that this equation
is only valid for sinusoidal waveforms and cannot be directly
applied in most power electronics systems [35], [36]. In order
to overcome this limitation, several methodologies have been
proposed. Among them, the widely adopted approach is the
improved generalized Steinmetz equation [35], [36]

T
L
TU

k

(2m)a=1 [27 |cos §|* 20— df

P, = —| (AB)" " dt

dB
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where P, is the time-average power loss per unit volume, 7'
stands for the switching period, ‘fi—ﬂ is the absolute value of
change rate of flux density, AB is the peak-to-peak flux density,
and «, (3, and k are material related parameters, which can be
obtained or derived from the datasheet of the material.

As previously stated, resistive element can be utilized to rep-
resent the effect of core loss. If the analytical model in one
switching cycle is known, the core loss can be calculated through
(1); thus, the secondary-side equivalent resistance of core loss
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Fig. 3. Equivalent circuit schemes of different operation stages. (a) tg < ¢
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Rcqs can be derived through (3) and the detailed behavior can
be predicted [37]

U2,
P,

Rceqs = (3)

However, the contradiction is that without knowing the equiv-
alent resistance of core loss, the accurate analytical model can-
not be obtained in advance. One feasible approach is proposed:
1) Build the accurate behavior model in one switching cycle
considering the impact of Rcqs; 2) set [¢qqs to infinity in order
to avoid the consideration of the core loss to achieve the esti-
mated behavior model in one switching cycle; 3) based on the
estimated model, through (1) and (3), the equivalent resistance
of core loss can be obtained; and 4) apply the acquired Rceqs
to the accurate model to achieve the precise behavior in one
switching cycle. Hence, in the following derivation process, in-
cluding the charging mode as well as the discharging mode, this
methodology will be applied in order to acquire the accurate
analytical behavior model in one switching cycle.

C. Analytical Behavior Modeling of Charging Mode

In charging mode, due to the employment of BCM, one
switching cycle consists of four stages. In Fig. 3(a)—(d), con-
sidering the equivalent resistance of core loss, the equivalent
circuits of different operation stages with the practical current
flow direction are depicted, respectively, and the key waveforms
concerning the operation stages, including the waveforms for
low and high output voltages in the charging process, are shown
in Fig. 4.

Stage I [ty < t < t1: Fig. 3(a)]: In this stage, the secondary-
side equivalent stray capacitor C., resonates with secondary
inductance L, with the initial energy stored in the capacitor.

At the beginning of this stage, the voltage over Cy.q is
Uescotto = Voini + Vboa. (4)

The subscript cOI stands for the stage [ty t1] in the charging
mode and 70 represents the time £,. This rule for subscript will
be applied throughout this paper. Due to the resonance in this
stage, the voltage over Cs., and the secondary winding current
Iy can be derived as

Ls+Rsweq1-Cseq-flcegs

- (t—ty)
ch()l(t) =e Lo Csea(RoveortRecas) - Ucsco1t0 * €OS |weo1

Rccqs . Cscq : stc()l : chc()lt() - Ls ) chc(llt()
APo1

x(t—m)}+

X sin [weo1 - (t — to)] } (@)

_2 . Rccqs : Cscq : chcOltO
AP0t

Iswc[)l (f) =

LstRgweo1CseqReeqs

X 672'L s Cseq-(Rgyeo1 + Reeas) (t=to)

-sin [weor - (¢ —to)] - (6)

Then, secondary winding voltage can be written as

. d-[swc(ll (t)
dt

In these equations, Ry, 01 is the secondary winding resistance
at the resonance frequency in this stage

Uswc()l (t) = Ls . (7)

1

stcOl - st QO ————. (8)

21 y/Lg - Cseq

In addition,
4-Ls - Cseq ’ Rzeqs
A]D(:Ol = +2- Ls . C(seq . st<¢01 : Rceqs (9)
L% - szc(]l ’ Cs20q ’ Rgcqs
APeo1
Weo1 = 10
ol 2. Ls : Oscq : (stc[)l + Rccqs) ( )
are valid.

In low-voltage operation, the quasi-resonant characteristic
can be achieved if the proper parameters are selected in the
control circuits. Then, the end time for this stage can be
calculated as

™
o=ty + —-.
Weo1

Y

However, this is not the case for other operation voltages.
With the increase of the output voltage, the secondary winding
voltage Usycps (1) tends to be capable of reaching the threshold
voltage, defined as

U =N - (Viy + Woas1) (12)

where N is the turns ratio of the transformer and defined as the
secondary winding turns N, divided by primary winding turns
Nyp»i. Once the threshold voltage is reached, the body diode of
S is forced to conduct. Hence, a minus voltage over R Py, which
represents the minus primary current, can be observed, as the
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Vrp1 waveforms under HV in Fig. 4. After an extremely short
while (also depending on the parameters in the control circuits),
S1 will be turned ON, and the minus current will switch to pass
through S} instead of its body diode due to its low on-resistance.
In order to simplify the analysis, it can be assumed that S is
turned ON at exactly the time the body diode of .Sy is forced
to conduct. Therefore, the end time ¢; can be obtained through
numerically solving the following equation:

Usweor (t1) = Upn. (13)

In fact, it can be summarized that if (13) does not have the
real solution, then the converter is working at the low-voltage
operation; otherwise, it is defined to be under non-low-voltage
operations.

Stage 2 [t <t < to: Fig. 3(b)]: Sy is switched ON at the
beginning of this stage. The dominant behavior in this stage
is the primary magnetization. In addition, the resonance due
to the primary leakage inductance and Cs, in the low-voltage
operation and the secondary leakage inductance and Cgq in
other operating voltages cannot be neglected [31]. In fact, the
core loss equivalent resistance is desired to be considered from
the primary side in this phase, and from (1) and (3), it is easy to
derive the relationship between the primary core loss equivalent
resistance .., and its secondary-side counterpart e

Rceqs
N2

Rceqp = (14)

ot

Key waveforms of the operation stages under different output voltage levels.

The magnetizing current during this stage can be written

‘/in ‘/in
+ IpcO] tl — —
Rpmcqle

Rpmcqle
Rpmeqe12-fceqp
T (t—t1)

Ipcl 2mag (t)

X e Lp(Rpmeqe12+Reeqp)

5)

In this equation, I,ps¢; is the initial primary current and can
be obtained through

I B 0, if low-voltage operation
pel2magtl = 3 nrop oo (t1), if non-low-voltage operation
(16)
and R,meqcr2 stands for the primary magnetizing equivalent
resistance and can be calculated as

Rpmeqcl2 = Rpwcl? + RdsonSl + R-Pl (17)

where R, .12 is the primary winding resistance at the switch-
ing frequency for the current cycle. So far, the exact switching
frequency is unknown. But an estimated value can be achieved
by ignoring the influence of the stages (a) and (c) in Fig. 3 and
only considering the ideal situations for the stages (b) and (d)
in Fig. 3

1
fswideal =
' ' (Il)pfly()lH)‘Ly =1 IPI)W/L““
T e \ganver ) Vi OL

(18)
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where I, is the primary peak current set by the inner current
loop control. Then

Rpw(?lQ ~ Rpw Q@ fswid(‘,al-

The primary winding voltage caused by the magnetization is

19)

Upwchmag (t) = (V{n — Ipco1tl - Rpmeqch)

Rpmeqer2-ficeqp

_ (t—t
X e Lp'(”pmaquz+R<=vqp) ( 1).

(20)

Concerning the resonance part, if the converter is under low-
voltage operation, the primary winding resonant voltage and
primary resonant current can be written

UCSC 71?1'”'9'(](‘12 N
UPWCIQTI (t) = - <J\?1t1 + ‘/;n) - e 2:Lp1 (t=t1)
C R 12
x ton - (£ — 11)] + —prea” Hpreqel?
{COS [w o ( 1)] - AP(:127’I
x sin [werzr - (E—t)] } 1)
2- C)I' ¢ UCS(:
Iyeior () = preq ( ]\;)1751 +Vin>

APlerl

Rpreqe12
—Rpmact2 ()

X e - sin [u)clgrl . (t — tl)] . (22)

The parameters and initial conditions involved in the above
equations can be obtained through the corresponding equations
listed in Table VII of the appendix.

Likewise, if the converter is working at non-low-voltage op-
eration, the primary winding resonant voltage and primary res-
onant current can be derived as

2Ly - Iesco1t1 7w-(t7t )

Uswiorn (1) = ———= —ctl 2Ly !
PR ( ) N - APL'lth,

X sin [wdgrh . (t -1 )] (23)

_RBswerorn 4

Ipcl?rh (t) e pcOltl e 2-Lg) (t tl) . {COS |:w(,’127‘h

<t —t)] - Cseq * Rawerarn

APCI?TIL
X sin [wclgrh . (t — 1 )] } 24)

Similarly, the parameters and initial conditions used here
are summarized in Table VII of the appendix. Hence, the total
primary winding voltage and primary current can be obtained
through

Upw cl2 (t)

S Upweizmag (t) +Upwer2n (t), if low-voltage operation
- Upwer2mag (£) +Upwer2,n (t) , if non-low-voltage operation

(25)
Iyer2 (1)
_ { Iyciomag (t) + Iper2,1 (t), if low-voltage operation
Iyci2mag (t) + Iper2,n (t), if non-low-voltage operation
(26)

Considering no current in the secondary side during this stage,
the secondary winding voltage and the voltage over Cy., can be
calculated through

Uswcl? (t) = _chle(t) =N- Upwz:l? (t) (27)
and at the end of this stage
Ipcl? (t2) = Ipp (28)

can be written. By numerically solving this equation, the end
time 7, can be acquired.

Stage 3 [ty <t < t3: Fig. 3(c)]: 51 is switched OFF at the
beginning of this stage. However, the secondary freewheeling
diode Dsy cannot conduct immediately due to the reverse volt-
age. In this stage, in order to simplify the analysis, the primary-
side resonance between the leakage inductance and output ca-
pacitance of S will not be considered, and the dominant behav-
ior tends to be the resonance between secondary magnetizing
inductance Ly, and stray capacitance Cy.. In terms of energy,
Cseq 1s charged in this stage from the energy already stored in
the transformer until its voltage can force Dss to conduct. The
voltage over Cy.q and the secondary winding current can be
derived as (29) and (30) shown on bottom of the page.

The parameters and conditions in these equations can refer to
Table VII in appendix. At the end of the stage

Uecscos (t3) = Ucscasts = Voini + Vb 2o (31)

Then, the end time ¢3 can be obtained through numerically
solving the equation.

Stage 4 [t3 <t < ty: Fig. 3(d)]: Dss is forced to conduct at
the beginning of this stage and the freewheeling phase starts. The
energy still stored in the flyback transformer will be transferred
to the capacitive load. Normally, compared to the capacitance
of the load, the stray capacitance can be neglected. Hence, in
the analysis for this stage, Cy.q is not considered. In this phase,
the output voltage V,,,; and secondary winding current I, can

__Lsm+Rgwe23Cseq-Reeqs
Ucseos (t) — ¢ 2lsmCseq(Rsyweas+Reeqs)

(t—t2

+

)
{Ucscr2ta - €08 [weas - (T — t2)]

2 Rceqs . Lsm . Iswcl2t2 + Rceqs . Cseq . RSW‘(IQ?) . U(:scl?tZ - Lsm . chcl?t?

AP(123

Lsm+ Rgwe23Cseq-Reeqs (tftz

I@w023(t) = ¢ 2Tsm Cseq(Ryyca3+ Roeqs)

- sin [w023 . (t — tz)]} (29)

) : {Isw(112t2 - COS [WCZS . (t — tg)]

o 2. Rcoqs ) Cscq ) chchtQ + Rccqs ) Cscq ) stc23 : IswletZ - Lsm

: IswchtQ

AP.»3

- sin [weas - (t — t2)]} (30)
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be expressed as (32) and (33) shown on bottom of the page and
secondary current I can be acquired by
. dv:)utc‘sél (t)

Lscsa (t) =Cp T

The parameters and conditions used here can refer to Ta-
ble VII in appendix. At the end of this stage, the freewheeling
current will reach 0. Hence, the end time of this interval ¢4 can
be achieved by numerically solving the following equation:

Lc34(ts) = 0. (35)

So far, the accurate analytical model for one switching cy-
cle during the charging process has been built. However, the
unknown parameter, equivalent resistance of core loss Rcqs,
prevents the application of the model. As previously stated, an
estimated model can be established by setting the R.cqs to in-
finity in the related equations listed above in order to ignore
the influence of the core loss. In this estimated model, the sec-
ondary winding voltages and time intervals for each stage can
be obtained and utilized to calculate the equivalent resistance of
core loss Reeqs-

Referring to (1), the averaged core power loss is determined
by |42 | as well as AB, and |2 | can be obtained through

dB| _| Uy
dt <A

(34)

(36)

Nsec

where Ny is the number of turns for the transformer sec-
ondary winding and A stands for the cross-sectional area of
magnetic core. As previously defined, U, is winding voltage
of transformer secondary side. Neglecting the influence of wind-
ing resistances, then through the current waveforms (Vi p; and
—Vrps3) and the voltage waveform (U,,) shown in Fig. 4, the
rough B—H curves for low and high output voltages with the
identification of operation stages can be obtained, as depicted in
Fig. 5. It can be observed that the peak-to-peak flux density AB
is, in fact, the flux density change in the stage [t; — ¢2]. Hence,
it can be calculated with

f2 Uswch (t)

AB =
t Nsec -A

dt 37
as previously illustrated, Usy, 12 is the secondary winding volt-
age corresponding to stage [¢; —t» ] in the charging mode.

In addition, the switching period T affects the determination
of core loss as well. However, if energy instead of power is

chosen to be the standpoint and considering the four stages
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Fig. 5. B-H curves under different output voltage levels (a) Low voltage,
(b) High voltage.

in one charging cycle, the core energy loss per cycle can be
expressed as

tm 1

|Uswmn, ,m+1 (t) |a dt

(38)
where Uswcm,erl (t)(m:(),l,Q,B) (i.e., Uschl (t), Uswcl? (t)’
Usweas (1), and Ugy 34 ()) are the voltages over secondary wind-
ing for four stages in the charging mode, and V, stands for the
volume of the magnetic core. Referring to the general definition
of equivalent resistance in terms of power, from secondary side,
the core loss equivalent resistance can be derived as

tm +1 2

R o ZW:OJ,Q,S ftm st\'c777,,m+1dt
ceqs — .

E,

k; 'AB‘@ia

Ev :V;’ S TAr Al
‘Nsec'A‘

Zm:O,l‘Q,B /

tm

(39)

After applying the achieved equivalent resistance of core loss
Reqs to the established accurate analytical model, the detailed
behavior of one switching cycle during the charging process can
be acquired.

D. Analytical Behavior Modeling of Discharging Mode

As previously stated, the discharging mode is going to
be analyzed with DCM working in the fixed operation fre-
quency (denoted as fy.q) and one switching cycle will con-
sist of five stages. Similar to the analysis in charging mode,
the equivalent circuits for each operation stage are depicted
in Fig. 6(a)—(e), respectively, and the key waveforms for the
operation stages, including the waveforms for high as well as
low output voltages in the discharging process, are provided in
Fig. 7.

Lsm+Ryye34Cp Reeqs

—- - (t—t3)
Viutess (t) — o hem '('L'(Rfli'r34+nnef13) . {chﬂgf?’ . oS [(%34 . (t _ tg)]

+ 2. Rccqs ) Lsm ) IschSt3 + Rccqs ) C’L : wa034 ) U05023t3 - Lsm :

U(:S(:23t3

AP.34

Lsm+RpyegsCp Reeqs

. SiH [w(;34 . (t — t3)] } — VD22 (32)

em 7y (1 Feenr) )
ISVVC34 (t) =e MU JwesaTiceas : {Iswc?3t3 - COS [w034 : (t - tS)]

B 2. Rcoqs ) CL ) chc23t3 + Rccqs ) CL : wa(:34 ) IschBt3 - Lsm ) Iswc?3t3

AP034

- sin [wega - (£ — t3)] } 33)
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Fig. 6. Equivalent circuit schemes of different operation stages. (a) tgp < t
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Similar to the situation in the charging mode, the accurate
analytical behavior model needs to be established first, which is
presented below.

Stage 1 [ty <t < t;: Fig. 6(a)]: At the beginning of this
stage, Sy is switched ON, and the secondary side equivalent
stray capacitor C. starts to be charged. Normally, the load
capacitance is more than thousand times larger than the ca-
pacitance of Ci.q; so in this stage, the capacitive load can be
assumed to be a constant voltage source. It should be noted
that the equivalent resistance of core loss R..qs does not con-
tribute in this period, since only the parasitic capacitor is
charged and the core has not been magnetized yet. Thus, in
this interval, the voltage over and the current through Ci. can
be written as

Uesaor (1) = (Voini — Vp21) + (Uesaoito
— (Voimi — Vba1)) - € Tecanr (40)
V:)ini - - ch i
Tesaor (t) = — DUD e mecior
Rc(:dOl
41)
In these equations,
Rccd[)l - RdsonSQ + RP2 (42)
chd(]l = Rccd()l ' Cseq- (43)

As previously mentioned, the subscript dO/ represents the
stage [t( t1] in the discharging mode and 0 stands for the time
to. In the entire discharging process, the initial condition of
U.s (.e., U.sqo1to) for each switching cycle can be obtained
through the end condition of last cycle. However, if only one
independent switching cycle is investigated, the worst case in
terms of charging current (i.e., I.s401 (¢)) needs to be considered,
which means the minimum value of U, 4010 needs to be applied
in this stage. Considering the stage [t; —t5] of last switching
cycle and ignoring the damping effect of the winding resistance,
in the HV operation, U, can fluctuate between —N - (V;, +
Vias1) and N - (Vi, 4+ Viqg1 ). But this is not the case for low-
voltage operation, due to the voltage clamp caused by the final
output voltage of previous cycle (i.e., the initial output voltage
for the current cycle) and Voo, the fluctuation range for U,
is [—(Voini + Vba2) (Vioini + Vb22)]. Thus, the initial condition
for U, can be written as

U(:stltO

= (Voini + Vb22) » if low-voltage operation
"l =N - (Viy + Was1), if non-low-voltage operation

(44)

and the operation status (i.e., low-voltage or non-low-voltage
operation) can be determined by the comparison of N - (V;, +
Vibas1) and (Voini + Vpao). If the former one is smaller, then the
converter is working under low-voltage operation; otherwise, it
is defined to be under non-low-voltage operation.

Theoretically, at the end of this stage, the voltage over Cqq
needs to reach V,;,; — Vpo1. However, based on the model built
above, this terminal condition will lead to an infinite time for
the interval. In order to solve this issue, the final voltage over
Cseq 1s assumed to reach only 95% of (Voini — Vpa1). Then, the
end time can be written as

Voini — Vp21 — Uesaotro
(1-95%) - Voini — Vbo1

t1 = t() + In ( > . T::adOl- (45)

In terms of reliability, it is critical to build the model for this
stage in order to predict the maximum voltage over the current
sensing resistor RP,. Thus, the parameters of a RC filter, which
is utilized to suppress this voltage spike before the current signal
goes into the control IC, can be determined.

Stage 2 [t <t < to: Fig. 6(b)]: The flyback transformer
is magnetized during this stage until the magnetizing current
reaches the preset value of the controller. The energy trans-
fers from the capacitive load to the coupled inductor in this
stage. To simplify the model, it is reasonable to neglect the
effect of Cy.q due to its really small value compared to the
capacitance of the load. The output voltage, secondary-side cur-
rent I, as well as the secondary winding current /g, can be
expressed as

__LsHBRingiaCp Reeqs
Voutdrz (t) = (Voutar2er — Vbar) - e 25+ Cr(Ramanatficeas)
Rceqs : C'L . Rsmde - Lc
APj1o

(t—t1)

x {cos w12 - (t — )] +

X sin [wdm . (t -1 )]} + Vbai (46)
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Fig. 7. Key waveforms of the operation stages under different output voltage levels.
(Voutar2e1 — Vbar)
1.5’1112 (t) =
Rsmd12 + Rceqs AP,HQ
Wd12 = (52)

Ls+ Ry 120 Reegs

- S(t—t
x e 2LsCp(Romdia+tReeqs) (t=t1)

-{—=cos|wqi2 - (t—t1)]
+ Ls -2 RzequL - Rccqs : C’L : Rsmde
APy12

X sin [wdlg . (t — tl)]} (47)
2 Reeqs - Cr - (Vourarzen — Vpar)
TIwar2 (t) = — !
az (1) APy19
—LetRepgnn @p Reeas (q gy
x e 2LsCr(Rsmaia+Reeas) - sin [‘Udl‘z . (t —t )] . (48)
Then, secondary winding voltage can be written as
dly t
Uswarz (t) = L, - %() (49)
t
In these equations,
Rsmd12 — RdsonSQ + RP2 + (st Q ffsd) (50)
4-L.-Cp, - Rfeqs
APd12 = +2-L,-Cp - Ronaie - Rccqs (5D

2 2 2 2
_Ls - Rsmdl? : CL R

ceqs

2- Ls : CVL N (RsmrIIZ + Rccqs) '

The capacitive load is assumed to be a constant voltage source
in the previous stage, and this assumption is beneficial in mod-
eling the behavior in a simple way. However, this is not the
real case, and the voltage over capacitive load actually slightly
decreases since the energy transfers to Cy.q. Taking this into ac-
count, the initial condition of output voltage for stage [t; —t2]
can be derived through the terminal voltage of Cs.q, expressed
as

Voutar2e1 = Uesaor (t1) + Vpar + Lesaor (81) - Reedor- (53)

If the secondary peak current set by the inner current loop
control is denoted as I, the end time ?5 can be obtained through
numerically solving the following equation:

Laiso (t2) = —Iqp.

Stage 3 [ty <t < t3: Fig. 6(c)]: When S5 is switched OFF
at the beginning of this stage, the energy stored in the coupled
inductor cannot be immediately transferred to the primary side
due to the reverse voltage over the body diode of S;. In this
stage, the behavior is the same as that in the stage [t) —t1] of
the charging mode. However, the initial conditions are different
here, which lead to a more complex model, expressed as (55)

(54)
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Fig. 8. B-H curves under different output voltage levels.

and (56) shown on bottom of the page and

dlsywazs (1
U§wd23 (t) = Le : ﬂ

0t (57)

The parameters and conditions in these equations are summa-
rized in Table VIII of appendix. When the secondary winding
voltage reaches previously defined Uy, the body diode of \S;
is forced to conduct and this interval ends. Hence, the end time
can be obtained by numerically solving the following equation:

Uswazs (t3) = Up. (58)

Stage 4 [ty <t < ty: Fig. 6(d)]: In this stage, the energy
stored in the transformer will be transferred to the primary
source. In addition, the energy which cannot be transferred to the
primary side (i.e., the energy stored in the secondary-side leak-
age inductance) will result in a resonance between the leakage
inductance and the stray capacitance Cs.,. During this period,
it is more reasonable to consider the core loss equivalent resis-
tance in the primary side, which can be calculated through (14).
Hence, the primary winding voltage and current can be derived
as

Upwd34 (t) - (UdeQStS - Ipd34t3 ' Rdmd34)

Rswrd3d
RgmdzaReeqp —T.(t,t;‘)

x e Lrm(Bamass+BReeap

j(t=ts) | €
N

X { — Rowrasa - Iswazsis - cos [waza - (T — t3)]

(szrd&l ) CSeq —2- L?l) : ISWdQSf,S
APy34

i - sin [wazq - (¢ — ts)]}

TABLE I
HV FLYBACK CONVERTER SPECIFICATIONS AND COMPONENTS LIST

Parameters Values

Via 3V

Maximum V¢ 2kV

Cr 220 nF

Iyyp 4A

Ly 100 mA

S BSC320N20NS3 G

Sh IXTV03N400S

D3y and Doy VMI6525

RP, 20 m§) 1%

RP> and RP;3 1Q1%

P — RimdzaReeqp
Ipd34 (t) - M +e Lpm '(Rdm d34+Reeqp)
Raymaza
7 Bswrdss

x (t—t3) - (Ipazats — M) LN R tt)

Rdmd34

strd34 . Cvseq . Iswd23t3
APy34

X {Iswd23t3 - €08 [waza - (t —t3)] —

X sin [w(134 . (t — tg)] } (60)

The secondary winding voltage can be achieved through
Uswasa (t) = Upwaza () - N.

The parameters and conditions used here can refer to Ta-
ble VIII in the appendix. At the end of this stage, the primary
current reaches 0. Thus, the end time ¢, can be obtained by
numerically solving the following equation:

I,q34(ts) = 0.

Stage 5 [ty < t < t5: Fig. 6(e)]: This stage is the discontin-
uous conduction phase in the discharging mode and equivalent
resistance of core loss does not affect in this stage. Due to the
energy stored in the secondary-side stray capacitor Cy.q at the
beginning of this stage, the secondary-side inductance L starts
to resonate with Cy.,. The voltage over Cy. can be written as

(61)

(62)

_Fswaas
csd3dtd - € 2Ls

std45 : C'scq
AP435

The parameters and conditions in these equations are sum-

Ucsdas (1) = e {COS [waas - (t —t4)]

- sin [waas - (t — tg)] } (63)

(59) marized in Table VIII of appendix.

_ _LstRiyga3Cseqicegs
Ucsazs (t) = ¢ 21lsCsea:(Rywars+ Reeas)

'<t7t2

+ 2. Rccqs : Le : Iswd12t2 + Rceqs ) Cscq ) std23 ) chd12t2 - Le ) chd12t2

. {Ucsaraiz - cos [waas - (t — t2)]

APyo3

Ls+Ryywio3 CseqReegs (t*tg

Lowazs () = € TECrea (anazs+ Recas]

- sin [wdgg . (t — tg)]} (55)

)
ATswarzee - cos [waes - (T —t2)]

o 2. Rccqs : Cscq : chdl?t? + Rccqs ) Cscq : std23 ) Iswd12t2 - L9 : Iswd12t2

APys3

-sin [wyes « (t —t2)]} (56)
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TABLE II
HV FLYBACK TRANSFORMER IMPLEMENTED AND MEASURED PARAMETERS

Parameters Values

Core type (material) EF20 (Ferrite N27)
‘Ypri 6
. 232
38.7
12.7 uH
300 nH
18.4 mH
450 pH
e 30 pF
12.97
1.26
2.02
32.8 mm?
1564 mm?

= =

]
=5 23

»

=2 e XA N NS

0.8

‘E\ 0.5
S o4
N—
2 P
0.2 /,
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Fig. 9. HV flyback transformer winding ac resistance. (a) Primary winding
ac resistance. (b) Secondary winding ac resistance.

Similar to the approach in analytical modeling for charging
mode, based on the above derived accurate model, the estimated
model can be achieved through setting the equivalent resistance
of core loss R..qs to infinity to ignore the influence of core loss.
The secondary winding voltages and time intervals for each
stage of the estimated model can be acquired and utilized to
calculate the equivalent resistance of core loss.

According to the current and voltage waveforms in Fig. 7,
the rough B—H curves for high and low output voltages in the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

Fig. 10.  Picture of the implemented bidirectional HV flyback converter.

discharging process can be acquired, as shown in Fig. 8. Thus,
in discharging mode, the peak-to-peak flux density AB, core en-
ergy loss per cycle, and the secondary-side core loss equivalent
resistance can be derived as

" Uswasa (t)

A dt 64
t3 Nee - A (64)
ki - ABS~
By, ki ABTC
| E [ Noee - A[* Zmzl.z,g
tm+1 ’
X/ |U§wdm,m+1(t)‘a dt (65)
t’”
tm +
Reeqs = Zm:l,g} ﬁm ! Us2wdmﬁm+1dt ©6)

E,

where Uswdm,m+1 (t)(7n:1,2‘3) (i-e-’ Uswai2 (t), Uswd23 (t), and
Uswaz4(t)) are the voltages over secondary winding in stages
[t1 —t2][t2 —t3], and [t3 —t4] in the discharging mode. It should
be noted that stage [ty —t1] corresponds to the inrush charge of
stray capacitance Cyoq and does not contribute to the core loss.
In stage [t4 —t5], if neglecting the effect of winding resistance,
the symmetric sinusoidal ac voltage of U, leads to the average
zero change of the flux density (i.e., ABj;4_;5) = 0). Hence, this
stage does not need to be considered in the core loss equivalent
resistance calculation as well.

The achieved equivalent resistance of core loss R..qs then
can be applied to the established accurate analytical model to
obtain the detailed behavior of one switching cycle during the
discharging process.

IV. EXPERIMENTAL VERIFICATION OF ANALYTICAL MODELING

A prototype of bidirectional HV flyback converter was per-
formed in order to validate the theoretical analytical switching
cycle modeling of the converter in terms of charging as well as
discharge mode. The specifications, design parameters, and the
employed components are summarized in Table I. The imple-
mented and measured data for the HV flyback transformer as
well as the parameters for the core loss calculation are listed
in Table II. The adoption of double layer Kapton tape between
the primary and secondary winding can guarantee the galvanic
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Fig. 11. Low-voltage operational key waveforms of charging mode. (a) Analytical model-based calculated waveforms. (b) Experimental waveforms.

isolation of the flyback transformer to reach at least 4 kV. The
primary and secondary winding ac resistance of the transformer
are frequency dependent and the measured resistance versus
frequency characteristic up to 2 MHz are shown in Fig. 9(a)
and (b), respectively. The photograph of the prototype is shown
in Fig. 10.

A. Validation of Analytical Model of Charging Mode

In charging mode, the analytical model is verified for both
low-voltage and HV operations. Fig. 11(a) and (b) shows the es-
timated and accurate analytical model-based calculation wave-
forms, which are represented with dash line and solid line, re-
spectively, and experiments-based measurement waveforms for
low-voltage operation. The end time for each stage of accurate
model-based waveforms in Fig. 11(a) and measured waveforms
in Fig. 11(b), as well as the time intervals are summarized in
Table I1I. Likewise, the estimated and accurate calculated wave-
forms and measured waveforms in high operation voltage are
shown in Fig. 12(a) and (b), respectively. The corresponding end
time and time intervals for HV operation are listed in Table IV.

The waveforms in Fig. 11(a) indicate that in the entire switch-
ing cycle, the estimated model-based waveforms are almost

Time

(b)

TABLE III

TIME DATA AND TIME INTERVALS IN FIG. 11

Time or Time Accurate Model-Based Measured
Intervals Calculated Time (145) Time (48)
to 0 0

ty 2.58 2.52
to 21.70 19.75
ts 21.75 19.79
ty 73.23 72.43
tor =t1 —to 2.58 2.52
tig =ty —ty 19.12 17.23
tag =ty —to 0.05 0.04
tgy =ty —t3 51.48 52.64
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equal to that based on the accurate model. Only slight differ-
ences can be observed in the gray zoom boxes. During the HV
operation [see Fig. 12(a)], the waveforms based on the estimated
model are obviously different from that based on the accurate
model due to the severe influence of core loss. Even in the cases
with slight differences, it is still crucial to build the accurate
model for each cycle. Since the whole charging process consists
of large number of switching cycles, the slight error in one cycle
tends to be accumulated accordingly, which eventually leads to
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TABLE IV
TIME DATA AND TIME INTERVALS IN FIG. 12

Time or Time Accurate Model-Based Measured
Intervals Calculated Time (ys) Time (us)
to 0 0

tq 1.32 1.84
to 31.37 29.76
t3 32.07 30.50
ty 32.82 31.24
to1r =t1 —to 1.32 1.84
tig =ty — 1 30.05 27.92
tog =ty —to 0.7 0.74
t3g = tg —t3 0.75 0.74

the large error in the efficiency evaluation. For the converter
with only capacitive load, energy efficiency is more applicable
rather than the power efficiency. The charging efficiency can be
defined as the final energy stored in the capacitive load (Esiored)
divided by the total input energy into the converter F;,, which
can be expressed as

Estored
Tlcharge = .

Ein (67)
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HYV operational key waveforms of charging mode. (a) Analytical model-based calculated waveforms. (b) Experimental waveforms.
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Fig. 13. Comparison of analytical model-based charging efficiency and ex-
perimentally measured efficiency.

The measured efficiency as well as the analytical model-based
efficiency is shown in Fig. 13, which can effectively prove the
necessity to build the accurate model.

Even with the accurate model, due to the difficulty in ac-
curately calculating the core loss, the parasitic capacitance in-
troduced by the measuring probes in the HV side as well as
the measuring errors caused by the oscilloscope, the calculated
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Fig. 14.

TABLE V
TIME DATA AND TIME INTERVALS IN FIG. 14

Time or Time Intervals Calculated Time (y£8) Measured Time (1)

to 0 0
ty 0.011 0.0120
to 1.21 1.25
t3 1.71 1.85
ty 18.11 18.39
ts 100 99.39
tor =t1 —to 0.011 0.012
tig =ty — 1t 1.199 1.238
tog = t3 —to 0.5 0.6
taqg =ty — 13 16.4 16.54
tys = t5 —ty 81.89 81

secondary-side current and the output voltage cannot be exactly
the same as the measured ones. In addition, the measurement
error in the winding resistances will greatly affect the damping
phenomenon in stage [¢; < t < t3]. In the HV operation, since
the on time for the body diode of S; in stage [t; <t < t5] is
neglected in the calculation for simplifying the model, thus, the
time ¢; in the measurement is much larger than the time in the
calculation. Furthermore, as previously stated, the resonance
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HV operational key waveforms of discharging mode. (a) Analytical model-based calculated waveforms. (b) Experimental waveforms.

phenomenon when S is switched OFF is ignored in the analyt-
ical model as well. Moreover, due to the intrinsic property of the
control IC, the driving voltage for S has a slight decline. How-
ever, in general, the mismatch between the calculated time data
and the measured ones are under acceptable range, and the an-
alytical model can well represent the behavior in one switching
cycle for charging mode.

B. Validation of Analytical Model of Discharging Mode

The analytical model is also validated for both high and low
operational voltages in the discharging mode. Fig. 14(a) and (b)
illustrates both the estimated and accurate model-based calcu-
lation waveforms and experiment waveforms for HV operation.
The end time for each stage based on the accurate model is
shown in Fig. 14 and the time intervals are summarized in Ta-
ble V. Similarly, the calculated and measured waveforms in low
operational voltage are shown in Fig. 15(a) and (b), respectively.
The corresponding end time and time intervals for low-voltage
operation are listed in Table VI. Similar to the situation in charg-
ing mode, the estimated model-based waveforms in Figs. 14(a)
and 15(a) look nearly the same to that based on the accurate
model and only slight difference can be observed in the gray
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TABLE VI

TIME DATA AND TIME INTERVALS IN FIG. 15

Time or Time Intervals

Calculated Time (y¢s)

Measured Time (ps)

to 0 0
t1 0.013 0.016
to 43.73 44.6
t3 43.8 44.66
ty 53.8 53.93
ts 100 99.43
tor =t1 —to 0.013 0.016
t19 =ty — 1t 43.717 44.584
tog = t3 —to 0.07 0.06
t3q =ty —t3 10 9.27
tys =15 —ty 46.2 45.5
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Low-voltage operational key waveforms of discharging mode. (a) Analytical model-based calculated waveforms. (b) Experimental waveforms.

zoom boxes. Since the discharging process also consists of a lot
of successive switching cycles, the slight error in one switching
cycle tends to result in the large error in the efficiency calcula-
tion. Similarly, the discharging efficiency can be defined as the
recovered energy Fiqcovered divided by the stored energy, which
can be expressed as

Erecovered

Tldischarge = (68)
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Fig. 16. Comparison of analytical model-based discharging efficiency and

experimentally measured efficiency.

The large error between the estimated model-based dis-
charging efficiency and its measured counterpart is illustrated
in Fig. 16. It should be noted that in the discharging pro-
cess, the secondary-side peak current varies with the output
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TABLE VII
PARAMETERS AND INITIAL CONDITIONS OF DIFFERENT STAGES IN CHARGING MODE

initial conditions | @cizrt = 57 .
2Ly Chreq

Non low voltage operation:

Lescoter = lescor (t1)

1
R =Ry @ —————
swcl2rh sw 2 - le - Cseq
4Ly Cseq

APc1grn = 2

2
—Rgyerzrn” Cseq
® _ APclzrh
12rh —
e 2-Ly- Cseq

Stages Stage 2 Stage 3 Stage 4
g [t: <t <t Fig. 3 (b)] [t: <t <t;: Fig. 3 (¢)] [t: <t <ty Fig. 3 (d)]
Low voltage operation: Ropers = Roy@ 1 Lsweasts = Lsweas (t3)
chcOltl = chcol(tl) swe sw 2m - Lsm . Cseq wac34 =~ RPS + st@fswideul
C, = Cseq " N?
e Seg?swclzrl 4- Lsm ' Cseq ' Rceqs2 4 Lsm ’ CL ’ RC&KZSZ
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TABLE VIII
PARAMETERS AND INITIAL CONDITIONS OF DIFFERENT STAGES IN DISCHARGING MODE
Stages Stage 3 Stage 4 Stage 5
g [t: <t <t;: Fig. 6 (¢)] [t; <t <ty Fig. 6 (d)] [ty <t <ts: Fig. 6 (¢)]
Ucsarzez = Voutar2(t2) + Isqa2(t2) * RPy — Vpyy Upwazats = Vin + Vpasa Ugsazaes = =N * Upwaza(ts)
lswarzez Lswazaes = lswazs (t3) R =R.@ 1
_ Voutar2(&2) + Lsar2(t2) - (RP, + Rowaza) = Voo Upwazses swass = WS o - L, - Coeq
Reogs Lyazaes = Lswazaes " N + R
ceqp
+1 t. 4-Lg- Cseq
Parameters sa12(t2) Rymaza = RP; + (Rpw@ffsa) APy = R 2.0 2
and std23 = st@ 1 swaas sed
L 2 Ls . Cseq strd34 = st@i APd45
initial 27+ [Lg * Coeq Oass =57 -
conditions 4 Lg-Coeq - Rceqs2 4 L.C s " Useq
APgy5 = +2:Lg- Cseq *Rowazs Rceqs APy3, = R st 2 s(e:q 2
_L52 _ std232 . Cseqz . Rceq52 swrd34 seq
AP,
APyp3 Wgzg = ——82
Waz3 = 5 _ . 2-Lg- Cseq
2 Ls Cseq (std23 + Rceqs)

voltage due to the intrinsic issue of the control IC. Even with
the accurate model-based calculated waveforms, end time and
time intervals cannot exactly match with the measured counter-
parts. The reasons for the mismatch have already been stated
in the charging mode verification. In general, the difference
can be accepted and the analytical model can also well repre-
sent the behavior in one switching cycle for discharging mode.
It can be observed that the discharging efficiencies shown in
Fig. 16 are much lower than the charging efficiencies. This
is mainly due to the high on-resistance of HV MOSFET S5 as
well as the body diode of S, which only work in the discharging
mode.

V. CONCLUSION

In this paper, the HV bidirectional flyback converter utilized
to drive the capacitive load is introduced in terms of configura-
tion and fundamental operational principles. For both charging
and discharging mode, an accurate behavior model has been
established first. By ignoring the effect of core loss in accu-
rate model, an estimated model is achieved in order to derive
the core loss equivalent resistance. Afterwards, an accurate be-
havior can be predicted with the accurate model as well as the
derived core loss equivalent resistance. The analytical model is
verified by the comparison between the model-based calculation
waveforms and the experiment-based measurement waveforms.
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Even though the accuracy of the parasitic parameters and the
core loss calculation affect the agreement between the calcu-
lated and measured results, the difference is still under accepted
level, and the analytical model can well represent the behavior
in one switching cycle for both charging and discharging mode.
The estimated and accurate model-based calculated efficiency
as well as the measured data are compared to verify the necessity
of employing the accurate model as well as to validate the im-
portance of considering the core loss. The switching cycle-based
analytical model can be dedicated to the components stress anal-
ysis, energy efficiency investigation, and optimizing the design
for HV bidirectional converter driving capacitive load.

APPENDIX

See Table VII, VIII in previous page.
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