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ABSTRACT

This thesis proposes a bidirectional control strategy for the active-clamped current-
fed dual active bridge(AC-CFDAB) converter. By controlling the dual phase-shifts, the
bidirectional power transmission can be achieved, the bidirectional transient is better than
conventional modulation methods, and the maximum efficiency point can be tracked.

The AC-CFDAB converter has the small low-voltage-side current ripple and the
ability of bidirectional power transmission, which is very suitable for energy storage
applications. However, research of soft switching modulation method listed in literature
only focus on the unidirectional power transmission. Two different modulation methods
are required to achieve the bidirectional power transmission. Usually, an obvious current
spike will be generated during the transition of the two modulation mothods. In the worst
case, the converter may be damaged.

This thesis first proposes a modified dual-phase-shift modulation(MDPSM) method
for the bidirectional operation of the AC-CFDAB. Since there is no change of the
modulation method for MDPSM, the current spike of the bidirectional operation transient
can be mitigated dramatically. Also, the zero-voltage-switching feature for all the
switches can be achieved by adding the proper deadtime. Additionally, the control of dual-
phase-shift provides an additional degree of freedom to control, so that improve the
efficiency of the converter. In this thesis, the proposed MDPSM is used to realize the
maximum efficiency tracking of the converter.

To validated the performance of the proposed MSPSM modhod, a 48V/400V, 720W
AC-CFDAB prototype is built and tested. Computer simulations and experiment results
are provided to the performance of the AC-CFDAB with the proposed MDPSM method.

Keywords: dual active bridge converter, daul-phase-shift control, zero voltage

switching, maximum efficiency point tracking
iv
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Chapter 1 Introduction

1.1 Background

Nowadays, the necessity for renewable energy is gradually increasing. Due to the
instability of renewable energy, battery energy storage systems(BESSs) are developed to
increase the stability of the systems [1] - [5]. To transfer the energy between BESS and
the DC bus, bidirectional dc-dc converters(BDCs) are brought into focus in recent years

[6] - [10].

DCBus

Bidirectional

BESS DC-DC

Converter

AC-Grid Aee SeRe DC Load

Converter Converter

PV DC-DC DC-AC

pane|s Converter Converter AC Load

Wind AC-DC
POWEI’ Converter

Fig. 1.1 DC microgrid system.

There are many topologies of BDCs, such as bidirectional buck converter [11],
bidirectional buck-boost converter [12], bidirectional Cuk converter [13], and so on. To
assure more safety and the higher voltage gain ratio, isolated bidirectional dc-dc
converters(IBDCs) are also considered. The conventional topologies of IBDCs include
bidirectional push-pull converter [14], bidirectional flyback converter [15], dual half
bridge converter [16], and dual active bridge(DAB) converter [17]. Among all topologies
above, DAB converter is a popular choice with many advantages. For instance, the

isolated topology of DAB provides higher safety than non-isolated BDCs, and DAB has
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the wider voltage gain ratio compared to the dual half bridge converter. The transformer
in DAB can be regarded as a resonant tank, which can achieve soft switching in some
cases and increase efficiency [18]. With these features above, DAB converters have
attracted a lot of attention in BESS [19].

DAB has two types by its sources. One is the voltage-fed (VF) DAB with two
voltage sources. There is a lot of research about VFDAB. In [20] — [23] propose several
modulation methods, namely single—phase-shift(SPS) control, extended-phase-
shift(EPS) control, dual-phase-shift(DPS) control, and triple-phase-shift(TPS) control. To
enhance the ability of soft switching, modified topologies are considered in [24] — [26].
However, VFDAB generates the huge input current ripple, which is harmful to batteries.
In BESS, another type of DAB, named current-fed (CF) DAB, is always applied [27].

The topology of CFDAB includes one current source and one voltage source. With
this topology, the current ripple can be smaller than VFDAB, which is more suitable in
BESS. However, a new challenge caused by the imbalance current is a crucial issue for
CFDAB. In [28], several modified topologies, such as L-L type CFDAB and active-
clamped(AC) CFDAB, are studied. Also, a naturally-clamped method is introduced in
[29]. Compare to all the solutions above, AC-CFDAB is a popular choice with the benefit

of the simple and easy-controlled topology.

1.2 Paper Review and Motive

Most of the research about AC-CFDAB focuses on the soft switching modulation
method. In [30], a primary-side modulation method is provided to achieve zero-voltage
switching(ZVS) for all primary-side switches in buck operation. Regarding the use of
IGBTs, a ZVZCS primary-side modulation method for buck operation is given in [31].

And [32] and [33] propose a synchronous rectified ZVZCS modulation method for buck
2
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operation and a ZVS modulation method for boost operation. New ZVS modulation
methods for buck and boost operation respectively are proposed in [34].

However, soft switching modulation methods proposed in [30] — [34] are just
suitable for only buck or boost mode. For the bidirectional operation which involving in
switching between buck and boost modes, two different modulation modes should be
used. Bad switching transient, named the bidirectional transient, would be generated if
the difference between buck and boost modulation methods is huge, which would be
harmful to the circuit [34].

In this thesis, the bidirectional transient is improved by proposing a new
bidirectional modulation method, named modified dual-phase-shift
modulation(MDPSM). ZVS for all switches can also be achieved with proper setting. To
regard more the efficiency, a maximum efficiency point tracking strategy(MEPT) is
proposed based on MDPSM. With this strategy, a high-efficiency bidirectional power

flow can be realized.

1.3 Outline

This thesis is organized into six chapters. Each chapter is introduced in the following.

In Chapter 2, AC-CFDAB is first introduced, including its topology and
conventional modulation methods. Then, MDPSM, which can improve the bidirectional
transient, is proposed. In addition, steady-state analysis and bidirectional transient are
analyzed in the following sections.

In Chapter 3, the power efficiency is taken into account. MEPT based on MDPSM
is proposed. The equations of efficiency are first introduced, followed by the introduction
of MEPT. The design process is shown in the last section.

In Chapter 4, the hardware implement of rated 720W AC-CFDAB is introduced.
3
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Details of the hardware circuit and the DSP program are shown in this chapter.

In Chapter 5, simulation and experiment results are shown. Steady-state waveform
of MDPSM, bidirectional transient of MDPSM, and MEPT are verified and discussed in
this chapter.

In Chapter 6, the conclusion and the major contribution are summarized. The future

works are also listed in this chapter.
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Chapter 2 MDPSM for AC-CFDAB

In this chapter, details of the AC-CFDAB are introduced. In section 2.1, some basic
information about AC-CFDAB is reviewed. Section 2.2 introduces the new proposed
modified dual-phase-shift modulation(MDPSM) for AC-CFDAB, followed by the power
transmission analysis in section 2.3. In section 2.4, the analysis of the bidirectional

operation transient is in the end.

2.1 Introduction to AC-CFDAB

In this section, some crucial information including the topology and conventional
modulation methods of AC-CFDAB is introduced. In subsection 2.1.1, the topology for
AC-CFDAB is introduced. And the existing modulation methods are mentioned in

subsection 2.1.2.

2.1.1 AC-CFDAB Topology

AC-CFDAB is composed of two active bridges, a large low-voltage-side inductor,
Lyy, an active clamp circuit, and a transformer. The detailed topology for AC-CFDAB is

shown in Fig. 2.1.

O O
+ +
CLV CII\!

Viy J— Y
o, \®]

Fig. 2.1 Topology of a AC-CFDAB converter.
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The two voltage sides can be classified into “low-voltage-side(LVS)” and “high-
voltage-side(HVS)” by the voltage. In general, LVS is always the current-fed side with a
LVS inductor, L;,, and the active clamp circuit. The main reason is that batteries prefer
to lower voltage and lower current ripple side. In addition, the voltage-side is always in
HVS.

After defining the voltage sides, operation modes are defined by the power flow.
“Buck operation” means that the power flow is from HVS to LVS, while “boost
operation” means that the power is transferred from LVS to HVS. Bidirectional operation
means that the operation is changing from buck operation to boost operation or boost
operation to buck operation.

S1~S, are named LVS switches( S,y ), while Sz~Sg are called HVS
switches(Syy ). In Sy, upper and lower arm switches can turn on simultaneously to
provide a current path for L;y. However, Sy, should prevent that from shoot-through.
Also, some key waveforms of S;, and Sy, are different, so they are discussed
separately in this thesis.

In Syy, “leading-leg” and “lagging-leg” can be defined by the sequence of the turn-
on time. For instance, in the positive half cycle, S5 turns on earlier than Sg, so S5 is the
leading-leg switch, Syyjeaq, and Sg is the lagging-leg switch, Syy 1ag. In this thesis, S
and Sg are defined to the leading-leg switches, whereas S, and Sg are the lagging-leg
switches.

An active clamp circuit is composed of a switch, S,, and a capacitor, C,. The main
purpose of active clamp circuit is to absorb the imbalance current between L;y and L.
It can be found that when S;,¢ turnon, L;y and L;, areconnected together. To prevent

from the huge voltage spike by the imbalance current, the active clamp circuit should be
6
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placed.

An AC-CFDAB also contains a transformer. The main purpose of the transformer is
to isolate the two voltage sides and enhance the voltage gain. In the following analysis,
the leakage inductor, L;;, and magnetic inductor, L,,, are taken into consideration. And

the voltages of each side, V,;, and V_4, play important roles in MDPSM.

2.1.2 Existing Modulation Methods

With the previous introduction of AC-CFDAB, it can be found that control methods
for S;ys and Syys are different. Upper and lower arms of S;,, are able to turn on
together due to the current-fed topology in LVS, so the common control method for S;y
is the duty cycle control. However, since HVS is voltage-fed, upper and lower arms of
Syvs should prevent from shoot-through. The common control method for Sy is the
phase shift control. With duty cycle control for LVS and phase shift control for HVS,
there are some modulation methods for the two voltage sides to control the power flow
of AC-CFDAB.

The modulation method, named ZVZCS modulation, is early proposed in [30] —
[33]. In ZVZCS modulation, only one-voltage-side switches are controlled, while the
other voltage side switches just provide the current path through their body diodes. For
example, only S, are controlled in boost mode, while ;s are the only control
parameters in buck mode. The features of ZVZCS modulation are that soft-switching
can be achieved in all controlled switches. In buck mode, ZCS can be achieved in
Shv.iag> and ZVS can be achieved in Syy j00q and Sge. In boost mode, ZVS can be
achieved in all S}y and S,.;. The key waveform of the ZVZCS modulation is shown

in Fig. 2.2.

doi:10.6342/NTU202202177



Vgs5
Vgs6 | Duv Dry |_
Vgs7 Dy |
Ves8 Dyv Vgsl,4
Vgsl1,4 | | Vgs2,3
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s H [ | '
I 1
Vgsact ac . Vab D
1
| Dy |

Vab >

B - T A ‘
. [\ V4 D4

(a) Buck mode. (b) Boost mode.

Fig. 2.2 Key waveform in ZVZCS modulation.

In order to pursue higher efficiency, synchronous rectified(SR) technology is
applied. However, to prevent from shoot-through with S,.;, ZVZCS modulation has
some limits in realizing SR. Some switches should turn on and turn off twice in a period,
which is complex to generate switching signals. In [34], a secondary-side
modulation(SSM) is proposed to solve this problem. In SSM, all of the switches,
including S;, and Syy, are controlled, and the power flow is controlled by the HVS
phase shift. Also, all switches can achieve ZVS with proper deadtime. The key waveform
of SSM is shown in Fig. 2.3. However, the challenge in commuting operation is discussed
in [34]. The main reason is that the control methods for switches are a little different
between buck and boost modes, which causes poor transient when changing two different

operation modes. To solve this problem, MDPSM is proposed in the next section.
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(a) Buck mode. (b) Boost mode.

|

Fig. 2.3 Key waveform in SSM.

2.2 Modified Dual Phase Shift Modulation

Dual Phase Shift Modulation (DPSM) is a very popular modulation method for
VFDAB. The earliest concept of DPSM is first proposed in [35], and is used in VFDAB
in [36]. The main concept of DSPM is that the total circuit is controlled by two phase
shift, phase shift of Sy, and phase shift between S;;, and Sy,. This concept is also
used to CFDAB in [37], but hasn’t been used to AC-CFDAB at present.

In this section, Modified Dual Phase Shift Modulation (MDPSM), based on
conventional DPSM, for AC-CFDAB is proposed. The feature of MDPSM is that it can
achieve bidirectional operation without setting buck and boost modes dividedly, so
bidirectional transient can be obviously improved. In subsection 2.2.1, the details of the
modulation are introduced. Circuit operation is illustrated in subsection 2.2.2, power

transmission is analyzed in subsection 2.2.3, and the ZVS condition is discussed in

9
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subsection 2.2.4.

2.2.1 Modulation Method

In this subsection, the switch modulation of MDPSM is proposed. The modulation

of each part is introduced in the following.

(a) LVS modulation
In S;ys, the duty cycles of S;yg, Dy, are all the same and fixed. S;ys have the

same switching status with the diagonal switches and 180° phase difference between the
adjacent switches. That is, S; turns on and off together with S,, and has 180" phase

difference with S, and S3. Also, in order to provide a continuous current path in LVS,
D,y should be larger than 0.5, which generates a period named “overlapping region” that
all S;ys turn on. Besides, the “non-overlapping region” is the period that just two S;y
turn on.

Sact should turn on to absorb imbalance current in the non-overlapping region
because Liy and Ly are connected together in that region. And S, must turn off in
the overlapping region to prevent the active clamp capacitor, Ca, from shoot-through.

Vap 1s generated by LVS modulation. Fig. 2.4 shows the key LVS waveform of
MDPSM. The duty cycle of V,;, D;, is the period of the non-overlapping region, where

LVS is connected with the active clamp circuit. Also, V,; can be expressed as (2.1).

10
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Non-overlapping
I | | region
Vvgsl,4 DLV
e —.
Vgs2,3 D Overlapping
L _ region
Vgsact | Dact | Dact |
D
Vab !
D,
Fig. 2.4 Key LVS waveform in MDPSM.
( Vew non — overlapping region
(positive — half — cycle)
Vap = 0, overlapping region (2.1)
| —V.., non — overlapping region
k (negative — half — cycle)
(b) HVS modulation

Suvs have the same and fixed duty cycle as 0.5 ideally, but HVS deadtime(D ;) are

always set to achieve ZVS in MDPSM. The upper arm switches should have 180" phase

difference with the lower arm switches to prevent from shoot-through. The phase between
leading-leg switch S5 and lagging-leg switch Sg is named as “HVS phase shift”. The
region between the turn-on time of Ss and Sg is called the “phase-shift region”, while
the other period is named the “non-phase-shift region”.

V.q 1s generated by HVS modulation. Fig. 2.5 shows the key HVS waveform of
MDPSM. The duty cycle of V.4, D,, is the period of the non-phase-shift region, where

HVS is connected with the HVS source. In addition, V,.; can be expressed as (2.2).

11
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Fig. 2.5 Key HVS waveform in MDPSM.
( Vav, non — phase — shift region
| (positive — half — cycle)
Vea = 4 0, phase — shifted region (2.2)
| —Vyv, non — phase — shift region
k (negative — half — cycle)

(¢) LVS-HVS Modulation

Fig. 2.6 shows the modulation of two voltage-side. The phase-shift between the
rising edge of V.4 and Vg, isdefined as ¢y, which is a control parameter in MDPSM.
In addition, D,, the duty cycle of V.4 is also a control parameter. From the perspective
of the controlled switches, @y, is the phase-shift between the falling edge of S; and
Sg, and D, is 0.5 minus HVS phase-shift. That is, two phase-shifts are controlled in
MDPSM. In order to simplify the control, the two phase-shifts are decoupled. In MDPSM,
@nL 1s used to control the transfer power, and D, 1is used to control the efficiency.

In MDPSM, some limits are set to realize some features. First, ¢y, must be larger

12

doi:10.6342/NTU202202177



than 0 and V., must larger than VTH to ensure ZVS for S,.;. Also, ¢y, must be smaller

than D, — D; to ensure ZVS for S;y. That is, it can be derived that D; < D, by the
limit of ¢y,. With this setting, the transmission power is negative correlated to ¢y, and

the bidirectional power transmission can be realized.

QUL min = 0 PHL @PHLmax = D2 — Dy
1

rE'I_ -

1

Vab

M

2

| |
Ved _I _I

VIk p— J —

b

Ik \/

Fig. 2.6 Key waveform in MDPSM.

2.2.2 Circuit Operation

In this subsection, the circuit operation of MDPSM method is illustrated. There are
four modes in a half cycle. The current paths of buck operation are shown in Fig. 2.7 -
Fig. 2.10, and Fig. 2.11 — Fig. 2.14 show the current paths of boost operation. The detail

analyses of the positive-half-cycle buck operation are shown first.

(a) Mode L.
Mode I begins as one Syyjeaq (S in this case) turns off and ends when one Sy
group (S, and Sz in this case) turns off. The total period of this mode is @y Ts. All
Siys and the other Syyjeaq (Ss in this case) all turn on in this mode. One Syy1ag (Ss

in this case) can achieve ZVS turn-on with the proper setting of the deadtime. The detailed
13
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current paths are illustrated in Fig. 2.7.
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(b) The end of Mode | (c) The waveform of Mode |

Fig. 2.7 Mode I in buck operation.

After Sg turns off, the HVS current is forced to discharge the parasitic capacitor,
Cqsg- If Sg turn on after having already been discharged, that is, the proper deadtime of
Sg 1s set, Sg can achieve ZVS turn-on.

To obey the Kirchhoff's Current Law(KCL), (2.3) and (2.4) can be written. It can be
found in (2.4) that the imbalance current of I}, and I; freewheelsin Sys. Because this
imbalance current is not involved in the power transmission, it can also be named
“circulating current”. In the light load case, circulating current plays an important role in

the total power loss.
{IL = ISI + ISZ (2 3)

I = Iy — Is;

14
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{ IL+ILI€ IL_ILk
| =t et
4 (2.4)
L I =IL_ILk
S2 2
VH

Also, in this mode, the voltage of Ly is equal to V}y, and Vj, is equal to — ~

I decreases gradually and finally commute, which is related to the ZVS for S, in the

next mode.

(b) Mode II.

Mode Il begins as Sy group (S, and S5 inthis case) turns off and ends when S,
turns off. The total period of this mode is D,.Ts (also D;Ty). It is the non-overlapping
region defined in the last section. S;, S, S5 and Sg all turn on in this mode, while S,,
S3, Sg and S, all turn off. S, can achieve ZVS turn-on with proper setting of the

deadtime. The detail current paths are in Fig. 2.8.
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(b) The end of Mode II (c) The waveform of Mode I

Fig. 2.8 Mode II in buck operation.
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After (S,, S3) turn off, the circulating current in Spys is eliminated. The imbalance
current of Lyy and L;x flows into the active clamp circuit. At the same time, the charge
in Cysact 1s discharged. If the proper deadtime of Syc is set, ZVS of S, can be
achieved.

Vu

In this mode, the voltage of L;y is equal to Vc,, and V)i is equal to V., — -

Because V., is larger than VWH in MDPSM, [} keeps increasing and finally changes its

direction in this mode, which is related to the ZVS of some LVS switches in Mode III.
This mode is the only mode that the power is transferred to the load. In steady-state,
the average of active clamp current, I,., is equal to zero, so the average of Ij; is the

average value of [, in this mode .

(c) Mode III.

Mode III begins as S, turns off and ends when one Syyieaq (Ss in this case)
turns off. The total period of this mode is ¢@y;,'Ts. Switches S;, S,, Ss and Sg all turn
on in this mode, while S,, Sg, and S, all turn off. One S;, group (S, and S;3 in this
case) can achieve ZVS turn on in this mode with proper deadtime. The detailed current

paths are in Fig. 2.9.
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(b) The end of Mode Ill (c) The waveform of Mode [lI

Fig. 2.9 Mode III in buck operation.

After S, turns off, the imbalance current of I}, and I becomes the circulating
current in Spys and flows into S, and S;. The charges of Cy4s, and Cys3 are
discharged in this mode. If the property deadtime of S, and S; are set, both switches
can achieve ZVS.

In this mode, the voltage of L;y is equal to Viy, and V) is equal to —VFH. Lk

keeps decreasing and finally change its direction in this mode, which is related to the ZVS

of the Sy in Mode IV.

(d) Mode IV.

Mode IV begins as one Syyjead (S5 in this case) turns off and ends when one
Suv,ag (Sg in this case) turns off. The total period of this mode is (0.5 — D;)T. $;~S,
and Sg all turn on in this mode, and the other Syyjeaq (Se 1n this case) can achieve

ZVS turn on with the proper deadtime. The detailed current paths are in Fig. 2.10.
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+

(b) Mode IV Ik

(b) The waveform of Mode IV

Fig. 2.10 Mode IV in buck operation.

After S5 turns off, the HVS leakage current flows into Sg. Also, the charge of Cys6
is discharged in this mode. If the property deadtime of S¢ is set, ZVS can be achieved.

In this mode, the voltage of L;y is equal to Viy, and Vj is equal to 0, so Ik
doesn’t change. And the direction of the leakage current plays a role in the ZVS for S,

in the other half cycle.

(e) Boost operation case.

The previous analysis is all for buck operation. Because the concept of boost
operation is similar to buck operation, the directions of current flows in boost operation
are almost the same as the buck operation. Fig. 2.11 ~ Fig. 2.14 show the detailed
waveforms in boost operation. Note that some periods of the mode are different with buck

operation.
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Fig. 2.12 Mode II in boost operation.
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Fig. 2.14 Mode IV in boost operation.
2.2.3 ZVS Condition

In section 2.2.2, it is proved that ZVS can be achieved by setting the proper deadtime

of switches. In this subsection, details about the deadtime setting are introduced.

(a) Definition of variables.
Diq1 and D4, are the time delays set in the non-overlapping region. D;;; means
20
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the time delay between the beginning of the non-overlapping region and the rising edge
of Dy, while D.4, means the time delay between the falling edge of D, and the end
of the on-overlapping region. D,4; can be regard as the deadtime of S,., and D;4, can
be seen as the deadtime of S;y¢ In addition, Dy eqq 1s the deadtime of Syy jeqq, While
Dgqg 18 the deadtime of Syy q4. Fig. 2.15 illustrates the deadtime setting of each

switch.

F'y Dtdl DtdZ
> >
rr
Vgs1,4 | i i Dy i i |_
) ) >
Vgs2,3 - -
B I I
Vgs5 D D
Vas6 HV HV R
Vgs7 1
Dyy V1
Vgs8 v : >
P 111
> |—>

Dgieaal VDajag

Fig. 2.15 Deadtime setting in MDPSM.

Loyct max 18 the maximum current from the active clamp capacitor. It is related to the

ZVS condition of S,.; and can be derived by (2.5).

V V
_ Vca - WHDacth _ Dacth(Vca - WH)

I = (2.5)
actmax le 2 2le

Ik 4 1s the leakage current in Mode IV. Because Vj;, is equal to 0 in Mode 1V, the
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leakage current doesn’t change in the ideal case. It is related to the ZVS condition of the

HVS switches. By (2.28) and (2.31), (2.6) can be derived.

T Vy
Ilk_4 = m (DZ W - Dactha) (2.6)

Iimmax 1 the maximum magnetic current of the transformer. If the magnetic
inductor of the transformer is considered, I}, max 1S applied to modify some equations.

The value of I}, max 1S shown in (2.7).

_ VHDacth
I Immax — w

(2.7)
(b) Equation for minimum deadtime.
Fig. 2.16 is the equivalent circuit of the resonant discharging model. The differential
equation can be written as (2.8) and the general solution is (2.9). With the initial condition

of V450 and Iy, the particular solution can be shown in (2.10).

LIk

B 111/} —

Cds,eq

Fig. 2.16 Equivalent resonant model.

22

doi:10.6342/NTU202202177



dlds(t)

dt
Vs (t) @9

dt

Vas(t) = Lik
Ids(t) = _Cds,eq

Vs(t) = C, sin( (2.9)

t t
——— |+ C,cos (—)
\/ le Cds,eq) \/ le Cds,eq

le .
Vds (t) = _IdSO Cd
R } s,.eq

t t
Sin| ————= + Vyso cOS (—) (2.10)
<\/ leCds,eq> * \/ le Cds,eq

To simplify the calculation, small-angle approximations (2.11) can be applied
because the period of resonant is larger than the deadtime. And the simplified equation is

(2.12), the minimum duty of deadtime, Dgeqgtime min, can be calculated by (2.13).

sin(8) = 6 ,when 6 small
62 (2.11)
cos(f) =~ 1 — 5~ 1 ,when 6 small
IdsO
Vas(t) = Voo = — ¢ (2.12)
ds,eq

Cds,eq * VdsO

(2.13)
IdsO * Ts

Ddeadtime,min =

(c) ZVS condition of each switch.
In the previous part, the equation of Dgegatime min 18 derived. To calculate the ZVS
condition, that is, Dgegatime min, SOMe crucial variables need to be found.

In S,., the ZVS turn-on timing is in Mode II, where the imbalance current between
23
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I; and [ charges two S;ys and discharges S,.; simultaneously in the beginning. So
the Cyseq must be the sum of the three parasitic capacitors, Vg is the voltage of active
clamp capacitor, and Iy, is the imbalance current between I, and Iy, thatis, Igee max-

In S;y, the ZVS turn-on timing is in Mode I1I, where the imbalance current between
I; and [j; discharges two S;ys and charges S,. simultaneously in the beginning. So
the Cg5eq must also be the sum of the three parasitic capacitors, Vg is the voltage of
the active clamp capacitor, and 50 15 Iyce max, t0O.

In Syy teqq,> the ZVS turn-on timing is in Mode IV, where the HVS leakage current
discharges one Syy jeqq and charges one Spy 4, simultaneously in the beginning. So
the Cgseq must also be the sum of the two parasitic capacitors, Vg is the voltage of
HVS source, and I459 is [ 4 in the previous analysis.

In Spy a9, the ZVS turn-on timing is in Mode I, where the HVS leakage current
charges one Syy eqq and discharges one Syy 44 simultaneously in the beginning. So
Caseq> Vaso, and Igso of Spy1qg are same as Sy jeqq-

Table 2.1 organizes all variables of ZVS condition for each switch. Dgeqatime min

can be calculated by (2.13), and s listed in (2.14) ~ (2.17).

Table 2.1 Variables of ZVS condition for each switch.

Turn-on timing Cas,eq Vaiso Iis0
Sact Mode II Casact + 2Cas Ly Vea Tact max
S Mode III Casact + 2Cqas v Vea lactmax
SHV lead Mode IV 2Cqs v Vy ik 4
SHv lag Mode I 2Cqsny Vy lig 4
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3 Cds,act VZ‘a

Dia1,min = ToctmaTs (2.14)

vz min = % 2.15)
Dasemin = 225078 - Ztot 216
Dt tagmin = Cas,equVaso _ 2Cas,mvVu 2.17)

L, ik 4

(d) ZVS condition for nonideal transformer
In the previous analysis, the transformer is supposed to be ideal with infinity L,,.
However, due to the limit of the material, L,, could not be regarded as infinity in some

design cases. The effect of L,, is discussed in this part.

Lik_p Llk_s LIk_add

1)

L] *

Lm

1:N

Fig. 2.17 Nonideal transformer circuit.

Fig. 2.17 shows the nonideal model of the transformer circuit. Ly, and Ly are
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the leakage inductors of primary and secondary sides, L,, isthe magnetic inductor of the
transformer, and Ly 4qq4 1s the additional inductor to increase the equivalent leakage
inductor. Because the analysis of this nonideal model is too complex to analyze, the model

should be modified by ignoring some effects. Fig. 2.18 shows the modified nonlinear

model. In this model, it is supposed that L”}‘\'{% > Likp and Ly .q canbe calculated by

(2.18). With the modified model, the following analysis can be much easier.

Lix,ada
Likeq = Likp + Liks + N—az (2.18)
/ Lik_eq I
I lk,p (58, lk,s

-5 '3

Fig. 2.18 Modified nonideal transformer circuit.

Ifthe L,, isconsidered, (2.19) can be written by KCL. It can be found that the value
of the primary-side leakage current is enhanced. The LVS ZVS condition considered this

effect is rewritten as (2.20) ~ (2.22).

I,lk,p = Ilm + Ilk,S * N (219)
Ilac,max = lacmax + limmax (2.20)
26
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3 Cds,act Vca

D' in = )
tdlimin Ilact,masz (2 21)
3C, |4
D' tagmin = 22 2.22)
Iact,masz
2.3 Power Transmission Control
In this section, the power transmission of MDPSM is analyzed.
The transmission power, Pr, can be expressed as (2.23).
Ts D4Ts
Pr=| Va@l@de =27 [ It (2.23)
0 0

Assume L;y, is large enough to ignore the current ripple, (2.23) can be written as

(2.24) because the average leakage current is equal to I; in Mode II.
Py = 2D,V I}, (2.24)
(a) Calculation for V,.

V., can be derived by the voltage-second balance of L;;,. The voltage-second

balance of L;; can be listed as (2.25), and V., in (2.26) can be solved by (2.25).

Ts
j Vi, (6)dt = Vig * (2D1T) — Vi T, = 0 (2.25)
0
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Vea = 575- (2.26)

(b) Calculation for I;.
In the previous analysis, it can be found that I; is the average leakage current in

Mode II. To express the time equation of I;;, the slope of [;;, is first calculated by (2.27).

Vi = Ly T (2.27)

Because Vi, and Lj, are known in each mode, the slope can be expressed as

(2.28). Also the equation of I, (t) can be derived as (2.29). Also, @'y, can be

calculated as (2.30) by other time constants.

( VH
—m :TO St<T1(Mode I)
Vh
dn® | =N 1 < ¢ < Ty (Mode 1
WA ] Ly T 2 (2.28)
dt Vi
—Nle :TZ <t< T3(Mode III)
T,
L 0 ,T3St<?(Mode IV)

(1o (Ty) — — T,<t<T
Vi
(T + 2N ¢ _ 1)) T,<t<T
IMOER e Vle e T ’ (2.29)
H

I (Ty) — —2— (£ = Ty), T,<t<T
lk( 2) Nle( 2) 2 3

Ts
kllk(T3)ﬁ T3 <t< ?
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@'u, =05—¢@y, —D; —(0.5—-D;) =D, —D; — oy, (2.30)

Considering the symmetry of the positive and negative half-cycle (2.31), Ij;(t) in
Mode II can be expressed by (2.32). And I; can be calculated by averaging the leakage

current in Mode II (2.33).

Iy (To) = =1y (T3) (2.31)
I = D — 20 W= ND | 4 Yea —Vh g 2.32
lkpogen (8) = 2L N [(Dz = 20u1)Vu — NDy Vo] + W(t -T) (2.32)
T2 TSVH
b= | g (O = 52 (02 = 20, = D) (2.33)
Ty lk

(c) Power transmission and voltage gain.
Combine (2.24), (2.26), and (2.32), the power transmission can be expressed as

(2.34):

TsViVu

PT:PL:VLIL:m

(D — 21, — Dy) (2.34)

Because V; is fixed by the voltage source, I; is also regard as the control target of
the transfer power. Also, it can be found in (2.34) that the output power range is wider in
controlling ¢, than controlling D,, so ¢pp, is suitable for controlling transfer power

by (2.35),and D, is suitable to control other target, namely efficiency, in MDPSM.
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D, =Dy LyNI
PHL = 2 TV,

(2.35)

Fig. 2.19 shows the transfer power in MDPSM. Because the transfer power is
proportional to [}, and Ij, is related to ¢y, the bidirectional operation can be achieved
by changing the value of ¢y, which leads to the better transient than applying two

different modulation methods.

Heavy _ _ _ _ _ _ _ _ __ Boost

Load 0.5 -D, operation
: I/' ] 0
1 HL_min =
- \ Ik

D, —-D,

| I
: I
| I
, I
| i
' :
Light | _
Load I %7@2 : PaL=""
I
| I
I I
| I
: I
| I
| I
I

(zero power transmission)

Buck
operation

¥ @uLmax=D2—-Dy
Fig. 2.19 Power transmission in MDPSM.
By (2.34), the voltage gain in buck mode, M,, ., can be derived as (2.36) by

considering LVS load, Rj,ck, and the voltage gain in boost mode, Mj,,s;, can be

derived as (2.37) by considering HVS load, Rp,ost-

V. 2Ly N
Mpyck = = — —
VH Tstuck (DZ 2QOHL Dl)

(2.36)
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Vi _ TsRpoost (D2 — 291, — Dq)

M = — 2088
boost VL ZleN ( )

2.4 Bidirectional Transient Response

In section2.2, MDPSM is proposed to improve the bidirectional transient compared
to SSM. In this section, the waveforms of bidirectional transient responses are shown.

Fig. 2.20 shows the bidirectional transient response of 720W boost-buck operation.
It can be found that in SSM, the overshoot of I; is about 60.5%, while in MDPSM, the
overshoot can be eliminated with proper control of ¢y, . Also, the spike of V., and I}
decline obviously in MDPSM. The result shows that the Bidirectional transient response

of MDPSM is improved in boost-buck operation.

IL -15A

Vca

(a) SSM (b) MDPSM

Fig. 2.20 Bidirectional transient response of boost-buck operation.

Fig. 2.21 shows the bidirectional transient response in 720W buck-boost operation.
Same as boost-buck operation, it can be found that the overshoot in I; decreases in
MDPSM. In addition, the spike in V., and [, can be improved in MDPSM. With the
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cost of higher setting time, MDPSM has lower spike and higher security than SSM in

buck-boost operation.

Veca

(a) SSM (b) MDPSM

Fig. 2.21 Bidirectional transient response of buck-boost operation.

The concept of the bidirectional transient improvement can be shown in Fig. 2.22.
Fig. 2.22 shows the difference of I;;, between SSM and MDPSM. The horizontal red
frame shows the boost mode in SSM, while the horizontal blue frame is the buck mode

in SSM. In addition, the vertical green frame illustrates the waveform in MDPSM.
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MDPSM
Boost light load
(Small ()

MDPSM
Buck light load
(Large o)

o

MDPSM
Buck heavy load

-
=]
=

Sf

(@1, = @HILmax)

Fig. 2.22 Leakage current waveform between SSM and MDPSM.

In Fig. 2.22, it can be found that the waveform of SSM is the full-load case in
MDPSM. The difference between SSM and MDPSM is that SSM is controlled by HVS
phase shift, ¢y with fixed @y;, while MDPSM is controlled by ¢y; with fixed ¢.
Though the control parameters of SSM and MDPSM are different, the analysis of SSM
can be regard as the full-load case in MDPSM.

Then, the buck-boost operation in SSM can be seen as suddenly change the value of
@y from minimum to maximum, while maximum to minimum in boost-buck operation.
That is, the huge bidirectional transient is generated by heavily changing ¢, . However,
in MDPSM, smooth change of ¢p; can be achieved with proper control, which leads to

better bidirectional transient.
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Chapter 3 Power Efficiency Improvement

In Chapter 2, MDPSM that can improve the bidirectional operation transient is
proposed. MDPSM uses two phase-shifts, namely ¢py; and D, to control the switches.
@y 1sused to control the transfer power and the detailed analysis is introduced in section
2.3. In this chapter, the other phase shift, D,, is taken into account to improve the total
power efficiency, and a control strategy for D,, MEPT, is proposed.

Efficiency equations are provided in section 3.1. A maximum efficiency point
tracking strategy(MEPT) for D, is proposed in section 3.2 to improve the power

efficiency. Details of designing the system parameter are finally introduced in section 3.3.

3.1 Efficiency Equation

Equations of efficiency are shown in this section. The transfer power of AC-CFDAB
can be calculated by (2.34). If the power loss, P}, in (3.1) is considered, the equation
becomes (3.2), where P, means the total switching loss, P.,, means the total
conduction loss, P, means the total core 10ss, Pyopper means the total copper loss of
the magnetic components, Pggp means loss caused by the ESR. The detailed equations

of each power loss term are provided in the following.

Ploss = Psw + Pcon + Pcore + Pcopper + PESR (3-1)
PL PPloss’ PL >0
=1 IR G2
, P, <0
IPLI + Ploss g
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(a) RMS current equations.
The root-mean-square(RMS) values of current play important roles in P.,, ,

Peopper» and Pggg. In this part, some key RMS current values in Fig. 3.1 are calculated.

T @'uLTs
11

NS DT 1 5-DyT,
Vab () g |

- - i
Vcd(t) : i

11 : H

i .
Vi (®

Iikar \i
I, () =I'\i/‘/ h
=== Iact,max I_llk_4
Tace (D) \
! —1

]
1
L]
1
act,max =~ H :

To Ty T, T;

AL

Fig. 3.1 Related waveform in efficiency equation.

The RMS value of the leakage current, [y ,ms, 1S calculated first. The leakage
current value of each timing, [Ij;(t), is shown in (2.29). The leakage current values at the

beginning of every mode are listed in (3.3) ~ (3.6).

Ts VH
Iy (Tp) = Ilk4 = m (D, W — D1Vea) (3.3)
T, Vi
Tae(T2) = 57— [(Dz = 20m) 7 = DiVed] (34)
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T. V,
Ly (T) = ﬁ (D — 2y, — 2Dy) WH + D1 Veq (3.5)

_ T Vu
Iy (T3) = —Iy, = — 2L, (D, N Dy Vea) (3.6)

Suppose [, is well controlled, ¢y; can be written as (2.35), then the RMS value

can be calculated by (3.7).

T Vy s T*Vy "
I = |- D,” +|\—— | (Vy + 2D;NV,,)D
lk,rms j <3Nle2> 2 4N2le2 ( H 1 ca) 2

D, T*VyV, DV,
_< 1215VL Hzca> Dy + —4_[(1 = 2Dy)D; T,2VyyVeq + 121, %Ly 2 N]
lk

(3.7)

6Hlk

The RMS value of active clamp current, I;c¢,ms, 1 related to the loss of the active

clamp circuit. The time equation of I, can be expressed in (3.8) and its RMS value can

be calculated by (3.9).

t
Tactyoge 1 () = lactmax = 2lactmax Dl_T (3.8)
s

. E DlTsI 2engr = (1. Vi) PaTs 2Dy
act,rms — T_s o actyode 11 (t) t= ca W 2le T (3.9)
2

(b) Switching loss term.

The total switching loss includes turn-on loss, P, ., and turn-off loss, Py, r with
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every switch (expressed as Py, , for switch x). The switching transient behavior refers
to [38] and shows in Fig. 3.2, where t,, and t,s; canbe calculated by (3.10) and (3.11)

from [38], Vry is the threshold voltage, and Vj, is the voltage of Millar Plateau.

1 1 1 ]
1 1 1psr 1 Ipspr
v Yoesra I « [ 1Vos
s 1 [ yol [
11 I G5y 1\
| 11 1 [ 1\
ds 1 Vp 1
I : Vrn : : I
Vv, / I 2 I
¢ > ¢ *> time
ton to,f'f

Fig. 3.2 Switching transient behavior in [38].

VGS - VTH VDSr
ton = RoCissIn [ ———— | 4+ R;Cpg ——2— 3.10
on G%iss n<VGS_Vgp G ngGS_Vgp ( )
v, Vps,f
toff = RgCiss In (;—”> + RgCoa, (3.11)
TH gp

The total switching loss term can be expressed by (3.12), where Vpg, and Ipg,

can be found in Table 3.1.

1
st = Z E (VDS,r,xIDS,r,xton,xfsw + VDS,f,xIDS,f,xtoff,xfsw) (3.12)

X
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Table 3.1 Details of switching loss term variables.

Switch Vpsrh Ips, Vps s Ipss
Sact Vea —lacmax Vea Lacmax
Sy Vea _ Iac,max V.a Iac,max

2 2

SHV lead Vy i Vy Ik

N N
SHV,lag VH _ Ilk_4 _ VHDdTS VH Ilk__4-
N NZ2Ly, N

Vbsrn means Vpg, in the hard-switching case. To consider the ZVS condition,

Vps,r Vvalue can be calculated by (3.13).

I{VDS,r,h,x' if IDS,r,x =0
Dy, .
VDS,r,x = 4 VDS,r,h,xi* 1- D - ), if IDS,r,x <0, Dd,x < Dd,min,x (3.13)
| d,min,x
kO, if IDS,r,x <0, Dd,x = Dd,min,x

(c) Conduction loss term.
The conduction loss term can be divided into three groups (S,.¢, Sy and Syy) and
shown by (3.14), where R, , means the on-resistance of each switch and can be found

in the datasheet.

Peon = Z Irms,xZRon,x = Pcon,act + Pcon,LV + Pcon,HV (3.14)

X

Peonact can be easily calculated by (3.9) and is equal to (3.15).
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Pcon,act = Irms,actzRon,act (3-15)

P.on v can be calculated by equivalencing LVS turn-on resistances. In subsection
2.2.2, 1t can be found that I; flows into four S;;¢ in Mode I, while flows into two Sy
in other modes. The equivalent resistance of S}, can be expressed as (3.14) and the

conduction loss in S;ys is shown in (3.17).

Roniy * (0.5 —Dy) + 2Ryp 1y * D
Ron,LV,eq _ fNonLv 015 on,LV 1_ 1+ 2D1)Ron,LV (3.16)

Pcon,LV = ILZRon,LV,eq =(1- 2Dl)ILZRon,LV (3.17)

P.onyy can also be calculated by equivalencing HVS turn-on resistances. In
. ) I .
subsection 2.2.2, it can be observed that HVS current, %, flows into two Spys all the

time. The total conduction loss of HVS switches can be written as (3.18).

lk,rms

I
Pcon,HV = ( N )ZZRon,HV (3.18)

(d) Core loss term.

The core loss term is generated by the magnetic components. The conventional
calculation process includes three steps. The first step is to calculate the maximum flux
density, Ba.x, by Faraday’s Law (3.19), where A, means the effective core cross-
section area. The second step is to calculate core loss per volume, P,, by Steinmetz's

equation (3.20), where k, a, and b are called the “Steinmetz’s coefficients”. In the end,
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the core loss can be calculated by (3.21), where [, means the magnetic path length

dB
V=NxA,|— 3.19
* Ag| It (3.19)
Py = kfaBmaxb (3.20)
Peore = Z Py xAexlex (3.21)
x

(e) Copper loss term.
The copper loss term is generated by the magnetic components, too. The general

form of the copper loss is (3.22), where the RMS current value of Ly is [;,. The RMS
current value of the transformer is equal to Iy, s OF I”"%, depending on the direction

of the resistance. The resistance of a wire can be calculated by the resistance equation
(3.23), where p means the resistivity of the wire, [ means the length of the wire, and A

means the cross-section area of the wire.

Pcopper = z Irms,szwire,x (3.22)
x

Ryire =P~ (3.23)

(f) ESR loss term.

The ESR loss term is generated by the ESR of the active clamp capacitor, C,, and
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can be calculated by (3.24).

Pgsg = Iact,rmszESRact (3-24)

3.2 Maximum Efficiency Point Tracking Strategy

In this section, the analysis between the efficiency and D, is introduced and
maximum efficiency point tracking strategy(MEPT) is proposed. In subsection 3.3.1,
operation region of D, is analyzed, and the efficiency analysis with all operation region

is shown in subsection 3.3.2. Finally, the strategy scheme is shown in subsection 3.3.3.

3.2.1 Operation region

In the beginning, the operation region of D, is analyzed. The maximum and
minimum values of D,, D; 4, and D iy, are estimated in this subsection.

D; max 1s analyzed first. To achieve ZVS for Syy 10qq 1n Mode IV, the period of

Mode IV, 0.5 — D,, must be larger than Dj. Thatis, D; .4, canbe expressed as (3.25).

Dymax = 0.5— Dy (3.25)

D; min can be calculated in the following rules. There are two limits for Dy ;.
The final value of D, ,,,;, must consider the both two limits.

The first limit of Dy, is from the minimum value of ¢y;’. The minimum value
of D, in this case can be expressed as D; pin1. @y’ can be derived by (2.30), and
@1 1n (2.12) can be substituted by (2.35) if the output power is well controlled. The

!

substituted equation is (3.26). Because ¢y, 1is the period of Mode III, the time must be
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longer than D4, to assure the ZVS for the Syys. S0 @y = Digp, and Dy i 1 18

shown in (3.27).

DZ - Dl + leNIL
2 T.Vy

(3.26)

! —
Py =

2L, NI,

DZ,minl = D; + 2D¢4, — TV
sYH

(3.27)

The other limit of D, p,;, 1s from the minimum value of @y;. The minimum value

of D, in this case can be expressed as D, 1,in2. Because ¢y, should be larger than 0

in MDPSM, (3.28) can be derived by (2.35).

2Ly NI,
T,V

DZ,minZ = Dy (3.28)

The minimum value of D, is limited by the above two equations, the final value

of Dj min 1s1n (3.29).

DZ,min = maX(DZ,minl'DZ,minZ) (3.29)

Fig. 3.3 shows the operation region of D,. MDPSM operates in the blue area. It can
be found that the wider operation region is in the lighter load case. Also, If the setting of
D, is out of the analytical region, the circuit would loss ZVS and the operation is not

included in MDPSM.
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D, = 0.32 P, =-240W 5,

DZ,min
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Ilk
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0.38
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-600 -400 -200 0 200 400 600

Power

Fig. 3.3 Operation region of D,.

3.2.2 Efficiency Analysis

In section 3.1, it can be found in (3.1) that the power efficiency is composed of five
power loss terms. The relationship between D, and each power loss is introduced in the
following.

P, term can be calculated by (3.12). It can be found that the turn-off switching loss
is positively correlated to Iy, 4, while the turn-on switching loss is negative correlated to
Pg,, r. Because Iy 4 1s also positively correlated to D, and ZVS can be achieved when
D, is large, P, term is positively correlated to D, when operating in ZVS, while the
relationship between D, and P, term depends on cases.

P.,n term can be calculated by (3.14). The equation of I}y ;s 18 shown in (3.7) and
is negatively correlated to D, with the system parameters in this thesis.

P, term is calculated by (3.21). The flux density of the transformer is negatively
correlated to D,. By (3.20), it can be found that P.,,. is negatively correlated to D,.

Peopper term is also related to [y ,ms, Which is positively correlated to D,. So

P

ropper 18 positively correlated to Ds.
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Pggr term is only related to I;c¢ ms, Which is not related to D,. So the change of

D, doesn’t influence the value of Pggp.

With the analyses above, it can be concluded that D, is related to efficiency.

Because P, and P.,, play dominant parts in the total power loss, the effect of P,

can be neglected in the analysis. It can be found that the power efficiency is negatively

correlated to D, when operating in ZVS. When losing ZVS, the relation between D,

and the efficiency depends by the case.

Fig. 3.4 - Fig. 3.6 show the relationship between D, and total efficiency. It can be

found that power efficiency is indeed negatively correlated to D, when operating in

ZVS. While losing ZVS, the relationship is not positively or negative correlated to D,

for sure. For instance, in 480W boost case, the efficiency is negatively correlated to D,

while the efficiency is positively correlated to D, in Fig. 3.5.

240W Eff vs D2

DZ,max |
ZVS bound

Dz,min ’ |

I
I
I
|
I
I
I
I
I
I
I
I
I
09 | I
I
I
I
———
I
|

0.82 t
0.35 0.4

D2

(a) 240W boost operation.

0.5

-240W Eff vs D2

(b) -240W buck operation.

Fig. 3.4 Relationship between D, and efficiency with 240W case.
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(a) 480W boost operation.
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(b) -480W buck operation.

Fig. 3.5 Relationship between D, and efficiency with 480W case.
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(a) 720W boost operation.
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(b) -720W buck operation.

Fig. 3.6 Relationship between D, and efficiency with 720W case.

3.2.3 Strategy Scheme

In subsection 3.2.2, a crucial conclusion that the total power efficiency is related to

D, canbe made. To track the maximum efficiency point of D,, MEPT based on MDPSM

is proposed. The detail of MEPT shows in the following.

Fig. 3.7 shows the control scheme for MEPT. In MDPSM, the transfer power is

controlled by @y}, named “I;, control loop”. The maximum efficiency point can be

tracked by D,, that is, controlled by “efficiency control loop”. Because the calculation of

the maximum efficiency point is too complex to finish in the microcontroller, the
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maximum efficiency point can be traced by some control methods, such as “perturb and

observe method”. The details of each control loop are shown in the following.

Vgs,ac
>

iL phi_ HL Vgs,S1 L
Control —» xgs'gg >

5,533
Loop 9 VL

PWM Vgs,S4 :
Generator AC-CFDAB |mn

Efficiency | p2 Vgs,S5 >
Control Vgs,S6

Y

VH

A 4

}V A A 4

Fig. 3.7 Control scheme for MEPT.

(a) I, control loop
In I}, control loop, the transfer power can be controlled by gy, so I, is sensed in

this control loop and a PI controller is set to control @;.. The detail control scheme is

shown in Fig. 3.8.

IL

IL,ref PI controller ——— phi_HL

Fig. 3.8 Control scheme for IL control loop.

(b) Efficiency control loop
In efficiency control loop, the relationship between D, and the efficiency is used.

The control parameter of this control loop is D,. To track the maximum efficiency point,
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the “perturb and observe method” is applied to find the maximum efficiency point. Also,
in order to ensure the power transmission is correct before perturbing, this control loop
should start perturb only when the steady-state of the I, control loop is achieve. That is,

the speed of this control loop should be slower than the [; control loop.

C Efficiency control loop Starts )

|

/ Read VL, IL, VH, IH values /

|

Calculate efficiency Eff_k

D2 =D2-0.01 D2 =D2 +0.01 D2 = D2 - direction D2 = D2 + direction
direction = -0.01 direction = +0.01 direction = +direction direction = - direction

C Efficiency control loop ends )

Fig. 3.9 Control flowchart for efficiency control loop.
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3.3 Parameter Design

In this section, the design process of some system parameters is provided as follows.

(a) Design of D,

D, ,namely D, in the active clamp circuit, is a parameter related to the range of
@y, and Pr. The design process of D; refers to [34]. In [34], D, is set to be 0.4 in
SSM. However, in MDPSM, the output power range is twice wider than SSM, which
means that D; should be smaller than 0.4 to realize the wider power range. So D; is set

to be 0.32.

(b) Design of Dy 5pen
D5 open 18 also a parameter related to the transfer power. By (2.31), it can be found
that the larger D, can generate wider output power range. To realize the maximum

transfer with fixed Dy, D;pen should be set to 0.5-Dy. In this case, D pen 18 set to

0.47.

(c) Design of the transformer
The system parameters in the transformer, namely N and L, play important roles

in the value of Ij;, and I;. In MDPSM, N,,;,, the minimum value of N, can be designed

Vh

first due to the setting of V., = - where V., can be calculated in (2.26). However, it

can be found in (2.14) that the value of V., — VWH is related to the ZVS condition of S,;.

To ensure the ZVS operation of S, the exact value of N is set to be 1.25*N,,,;,,. Then,

Ly, canbe designed by (2.31). In this case, N is setto be 6.75 and L;; is setto be 2.02puH.
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Chapter 4 Hardware Implementation

In this chapter, a rated 720W AC-CFDAB converter is designed to verify MDPSM

and MEPT. The hardware circuit is introduced first in section 4.1, followed by details of

DSP program in section 4.2.

4.1 Hardware Design

In this section, the hardware design of an AC-CFDAB is introduced. The power stage

circuit includes the power board and the driver board circuit. The control stage circuit

contains sensor circuits and a microcontroller. The specification is in Table 4.1. The detail

of designing the hardware circuit is introduced in this section.

Table 4.1 System specification.

Rated Power T20W
LVS Voltage 48V
HVS Voltage 400V
Switching Frequency 100kHz
LVS Switching Node Duty (D) 0.32
LVS Inductor (L;y) 135puH
Transformer Turning Ratio (N) 6.75
Transformer Leakage Inductor (L) 2.02pH
Active Clamp Capacitor (C,) 20uF
LVS Deadtime Ratio (D41, D¢42) 0.02
HVS Deadtime Ratio (D geqd, Dajiag) 0.03
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4.1.1 Power Stage Circuits

The power stage contains a LVS power board, a HVS power board, driver boards,
and a transformer. Each of them is introduced in the following.

(@) Power boards.

In the LVS power board, there are a LVS capacitor, a LVS inductor, an active clamp

circuit, and a full-bridge circuit. Fig. 4.1 shows the detail of the LVS power board.

|-LV
0O (500
+
S1 S3
Sact | M| _| |<" _I I"'
_| FJ} L L
Cuv L 4 o+
Vi N Vab
O _
L 5 54
T i Hi
~ L] L
O

Fig. 4.1 LVS power board.

The main purpose of the LVS capacitor, C;y, is to stabilize the LVS voltage, V;y,
so a 470uF/450V electrolytic condenser, whose capacitance is higher than other type of
capacitors, is chosen.

The LVS inductor, Ly, plays an important role in decreasing the LVS current ripple.
In this circuit, a 135uH inductor is chosen. Consider the core saturation and winding turns,
two high flux core CH572060 are applied to realize L;y.

The active clamp capacitor, C,, is a key component in the active clamp circuit. The
capacitance of C, is related to the voltage ripple of V.., which is supposed to be a

constant in the previous analysis and the transient time in load change. Take both the
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factors into consideration, a 20uF capacitor is chosen. In addition, because active clamp
is a crucial part in this circuit, a film capacitor is applied to ensure the stability in the
experiment.

Cool MOSFETs are chosen in the active clamp switch, S,., and full-bridge
switches, S;~ S,. Cool MOSFET has lower on-resistance than convention MOSFET
and is also cheaper than the wide-band-gap(WBG) MOSFET. It is a popular choice in the
low voltage case. Due to the same maximum voltage and compatibility of the driver
circuit, the Cool MOSFET IRFP4868PBF is chosen in all switches in the LVS power

board.

O
S5 S7 ¥
- -
— _| L
+O_ CHV
Ved — Vw
O ran)
S6, M sg,
o -
L L _
O

Fig. 4.2 HVS power board.

Fig. 4.2 shows the detail of the HVS power board. There are a full-bridge circuit and
a HVS capacitor, Cyy, in the HVS power board.

Same as C;y, Cyy is applied to stabilize the HVS voltage, Vyy, so a 470uF/450V
electrolytic condenser is also chosen.

The power loss of HV'S switches plays a crucial role in the total power loss. Because

of the high maximum voltage, the withstand voltage of HV'S switches must be higher than
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LVS switches. However, it is a tradeoff between the withstand voltage and the turn—on
resistance. Higher withstand voltage leads to higher turn-on resistance, which causes
higher power loss. To decrease the power loss, WBG switches are chosen in this case.
WBG MOSFETs have the higher bandgap and higher withstand voltage than conventional
MOSFETs, which is popular in high voltage cases. In HVS power board, SiC MOSFETs,

which are suitable for the high power case, HIM065F050 are chosen.

(b) Driver boards.

Fig. 4.3 and Fig. 4.4 are the circuit of LVS and HVS driver boards. Driver IC
UCC21530 is chosen to drive both Cool MOSFETs and SiC MOSFETs. UCC21530 is an
isolated dual-channel gate driver from TEXAS INSTRUMENTS. It has the proper output
range (25V to -5V) and enough driver current (source current 4A/ sink current 6A) that
is very suitable for both Cool MOSFETs and SiC MOSFETs. The details of the driver

board designs are in the following.

0 +15V

T :
Ca

A
Ra _L Nv :
PWMA °—WV——I—— INA VDDA e
PWMB °-‘VWT INB OUTA T Rezm Vgs A
Ra Ca VSSA o
EN VDDB o +15V
DT OUTB |——) Rb
+5V o VCCI VSSB T AL} °
——Cb Ce
I T Rc Vgs_B
= UCC21530 ™

Fig. 4.3 LVS driver board.
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= +
I C G +20v Rc Vgs_A
PWMA —L INA VDDA T s
PWMB —MW——— INB OUTA L
Ra Ca VSSA i PP
= [ MWy 0
EN VDDB 0+20V
DT ot || J-Cc Re Vgs_B
+5V o vear VSSB T s
—_—Cb J_Cc
T L T
= UCC21530

Fig. 4.4 HVS driver board.

R, and C, form a RC low-pass filter to decrease the influence of the input noise.
The cutoff frequency of the filter is in (4.1). In this case, the cutoff frequency is set to be

100MHz.

1
fcutoff = m

4.1)
EN and DT pins are two functions of this driver IC. EN pin is related to the output
channel. If EN is high, both output channel A and B are enable. While both output channel
are disable as EN pulling low. DT pin is the dead time function pin. If deadtime resistor,
Rpr, is placed between DT pin and GND pin, the output signal deadtime(ODT) is set by
(4.2) . If two output signal 1s overlapped, the DT function needs to be disable with DT pin
connecting with VCCI pin. In this case, EN function must be enable and DT function

must be enable, so both pins are connecting with VCCI pin.

ODT (in ns) = 10 * Rpy(in kQ) (4.2)
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R, and C_. play an important role in the process of driving MOSFETs. The design
process refers to [39] and the related model is in Fig. 4.5. The resistors and capacitors can
be designed by (4.3) ~ (4.5), where Rg i is the additional gate resistor, Cyy iy 18 the
minimum output capacitor for positive driver source, C,_ i 1s the minimum output
capacitor for negative driver source, V4o is the output positive gate voltage, Vgqre-
is the output negative gate voltage, Isyy,rce 1S the peak source current of the driver,
R¢ mosrer 18 the gate resistor of the MOSFET, Qg4 is the total driving power of the
MOSFET, Virop is the output voltage drop.

In this case, R, which is R, in Fig. 4.3 and Fig. 4.4, is selected to be 5.1Q, C,.,

and C,_, which are C. in Fig. 4.3 and Fig. 4.4, are selected to be 10.22uF.

Drived MOSFET

RG RG,MOSFET | —
PWM signal Gate Driver AN I AN I !«_—Lﬂ |
Vgate+ Vs Vgate- | |
Co+ Co- T
— T - - - =

Gate Driver Power

Fig. 4.5 Driver circuit model in [39].

Vgate+

RG,min - - RG,MOSFET (43)

source
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Co+,min =

Co—,min =

2 % ante *Vgate+

2 2
Vgate+ - (Vgate+ - Vdrop)

2 % ante * Vgate—

Vgate—2 - (Vgate— - Vdrop)z

(4.4)

(4.5)

The main purpose of R, is to ensure the low voltage level when open loop. Its

resistance should not be too small to influence the driving ability, so in this case R, is

chosen to be 10k(.

(c) Transformer design

The transformer isolates the switching node voltage, V,, and V.;. Its leakage

inductor, L;,, and magnetic inductor, L,,, play crucial roles in power transmission and

ZVS condition. Also, in MDPSM, V,, must be larger than VTH With the limit above, the

detailed parameter is set in Table 4.2. To consider the core saturation, EE65 material is

chosen in this circuit.

Table 4.2 Transformer parameter.

Ly v 2.02 pH
Ly 66 pH
N 6.75
Rcopper,Lvs 0.0060
R opperHvS 0.0180Q
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4.1.2 Control Stage Circuits

The control stage circuits contain a microcontroller and sensing circuits. In order to
calculate the total efficiency, voltages and currents from LVS and HVS should be sensed.
However, some output voltages of sensing components are too high for the
microcontroller, so some additional circuits are applied to transfer the sensing signal. In

this section, the detailed design of the control stage circuit is shown.

(a) Voltage sensing circuits

Voltage sensing circuits consist of two operational amplifiers, TL084, some voltage-
divided resistors and some filter resistors and capacitors. These sensor circuits measure
LVS and HVS voltage respectively. The topologies of LVS and HVS voltage sensing
circuits are both the same and are shown in Fig. 4.6. A total voltage sensing circuit can be
divided into a voltage divider circuit, a differential amplifier circuit, a Sallen-Key filter

and a voltage protection circuit, all of which are introduced in the following.

Sallen-Key filter

Voltage divider circuit

|
|
| : |
I ) : 1
I (! : 1
| ROZ I
. Ra 1Re | — R
o W— Lo— — I, re Rg W o DsP |
| Vsig Rpa Vdiv ! | Re " 4 Ay AW + Viilter 1 * |
y + + | | 1
v + I
| vampl vdsp |
| ROZ |1 Rd Re caLl 1 e |
' I I
: = | ! = | = ! = = N |
P Ty L e e e e T e e e - = T
Differential amplifier circuit Voltage protection circuit

Fig. 4.6 Voltage sensing circuit.
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The voltage divider circuit transfers the input sensor signal, Vg, into Vg, by a
simple resistor divider. To take the next stage resistor, R, into consideration, the overall

transfer function is (4.6).

Vdiv — Rb//Rc — RbRc
Vsig R, +Ry//R. RyRp + RyR. + R4R,

(4.6)

The differential amplifier circuit uses an operational amplifier to transfer the sensing

voltage. The transfer function of this circuit is (4.7).

i (4.7)

The Sallen-Key lowpass filter is a second-order active filter. The original
transformer function is (4.8). To simplify the analysis, let R; < Ry, (4.8) can be rewritten
as (4.9). And the cutoff frequency can be calculated by (4.10). To filter the 100kHz
switching frequency, the cutoff frequency is set to be 6.28kHz. The design parameters of

the filter are shown in Table 4.3.

1
Vriiter _ Ry + Ry RsR;CyCy “8)
Vamp R; s2 + S<Rf + RQ _ Ry >+ 1 .
RngCb RiRgCa RngCaCb
_ 1
Vei R:R,C,C
filter ~ - iég a“b (4.9)
Vamp s2+s5-L g4 1
ReR,C, * ReRyC,Cy
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1

fcutOff.filter ~ 27 RngCaCb

(4.10)

Table 4.3 Design parameters of Sallen-Key filter.

Rf Rg Ry R; Ca Cp

10kQ 10kQ 1Q 10002 0.1uF 0.1uF

The voltage protection circuit includes a first-order RC lowpass filter with 10kHz
cutoff frequency and two voltage limit diodes. The diodes limit the maximum output
voltage to 3.3V, which is the maximum input ADC voltage for DSP, and the minimum

output voltage to OV, which is the minimum input ADC voltage for DSP.

(b) Current sensing circuit.

The main purpose of current sensor circuits is to sense the LVS and HVS current
from power boards. Current sensing circuits are composed by a hall sensor, a differential
amplifier circuit, a Sallen-Key lowpass filter, and a voltage protection circuit. The
topology of current sensing circuits is shown in Fig. 4.7. Each of the circuits is introduced

in the following.
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| Sallen-Key filter

V_hall_sensor o

Differential amplifier circuit Voltage protection circuit

Fig. 4.7 Current sensing circuit.

HX-25P is a hall sensor from LEM Inc. The nominal RMS measuring current is *
25A and the maximum peak measuring current is +75A, which is suitable for the LVS

power board. The relationship of the output measuring voltage is (4.11).

4
Voue(in Volt) = I;,(in Ampere) * - (4.11)
HX-05P is a hall sensor from LEM Inc., too. It has the +5A nominal RMS current
and the +15A maximum peak current, which is fit the specification for the HVS power

board. The relationship of the output measuring voltage is (4.12).
4
Voue(in Volt) = I;,(in Ampere) * s (4.12)

The differential amplifier circuits consist of two operation amplifiers, TL032 and
TLO034. The hall sensor output voltage is amplified and level-shifted here. The voltage
range is transferred from (-4V, 4V) into (0V, 3V), which is fit for the DSP. The level-
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shifted voltage, -1.5V, is generated by a front-end differential amplifier with the
relationship in (4.13). In this case, R, and R, are set as 10kQ and R, is set as 12kQ
to generate the -1.5V level-shifted voltage, which is used to enhance the voltage level of
the output voltage of hall sensor. The total relationship of the differential amplifier circuits

isin (4.14).

Rq
Voisy = —Vaap * R.+R, (4.13)
R; Ry
Vamp = —V haui_sensor * R_l + 1.5V * R (4.14)
9 g

The Sallen-Key filter in the current sensing circuits is the same as in the voltage
sensing circuits. It is an active second-order low-pass filter. In this case, the cutoff
frequency is set as 6.28kHz to filter the switching frequency 100kHz. The detail
parameter design is in (4.8)~ (4.10) and Table 4.3.

The voltage protection circuit ensures the maximum and minimum input voltage for

the DSP. It contains two diodes and a low-pass filter to protect the DSP.

(c) Microcontroller.

In the control board, DSP TMS320F28335 from TEXAS INSTRUMENTS is chosen
to be the microcontroller in the experiment. The features and specifications are listed
below:

(1) 150MHz System Clock.

(2) 32-bit CPU with high performance.

(3) 3.3V /O ports.
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(4) Enhanced-PWM (EPWM) Modules with 18 channels.

(5) 12-bit Analog-to Digital-Conversion (ADC) with 16 channels.

(6) Code Composer Studio IDE development supported.

(7) 256K*16 Flash.

The 150MHz system clock provides enough resolution in the experiment with
100kHz switching frequency. The high performance CPU makes the real-time closed-
loop control possible. 3.3V I/O ports are fit for the driver IC UCC21530. Many useful
blocks in EPWM modules, such as Action Qualifier (AQ) and Dead Band (DB) blocks,
play crucial roles in the setting of phase-shifted. The ADC modules in TMS320F28335
realize ADC interrupts. The Code Composer Studio (CCS) IDE make the DSP easier to

use. In conclusion, DSP TMS320F28335 is very suitable for this experiment.

4.2 DSP Program

In this section, the DSP program for the AC-CFDAB maximum efficiency MEPT
control strategy is introduced. The total programs contain a main program and interrupt

functions. The detail introduction and control flowcharts are introduced in the following.

4.2.1 Main Program

The control flowchart for the main program includes initialization functions and

protection functions. The details of the control flowchart are illustrated in Fig. 4.8.
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C Main Program Starts )

Parameters Setup

Enable Interrupts

Interrupt Triggered? > |Protection Function

ADC Interrupt Function

CPU Interrupt Function

C Main Program Ends >

Fig. 4.8 Control flowchart for main program.

As the DSP is powered, some crucial system variables and control parameters are
initialized. That is, GPIO modules, EPWM modules and ADC modules are completely
set in this time. Some GPIO ports are set to enable EPWM output. EPWM modules are
set to be 100kHz and enable DB functions. ADC modules are set to be 100kHz and enable
ADC interrupt. Also, control parameters, such as PID control parameters, are set in this
time.

After well initializing all the settings, the interrupt setting is initialized. In this case,
ADC interrupt function and CPU interrupt function are initialized. The ADC interrupt is
triggered by EPWM6 module, while the CPU interrupt frequency is set to be 100kHz.

After enabling the interrupt, Peripheral Interrupt Expansion (PIE) block is applied
to manage all the interrupt requests. According to the PIE Vector Table, the priority of the

ADC interrupt is higher than the CPU interrupt. That is, if PIE block receives both the
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ADC and CPU interrupt requests, ADC interrupt is enabled first.
The protection function monitors voltages and currents from LVS and HVS. The
details are shown in Fig. 4.9. If any of the terms exceeds the limit, the Sys Fault code is

set to be higher than 0, then the DSP output signals are shut down to protect the circuit.

( Protection Funcion Starts )

LVS Overvoltages? Sys Fault_code =1

HVS Overaurrents? Sys_Fault_code = 2

Sys Fault_code = 3

LVS Overvoltages? Sys_Fault_code = 4

~d T4 T4 T

N

<
<
Y

\

( Protection Funcion Ends )

Fig. 4.9 Control flowchart for protection function.
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4.2.2 Interrupt Functions

The interrupt functions in this control strategy contain ADC interrupt function and

CPU interrupt function. Both of them are introduced in the following.

(a) ADC Interrupt Function

The control flowchart for ADC interrupt function is shown in Fig. 4.10. ADC
interrupt function is triggered by EPWM6 module, whose frequency is same as the
switching frequency, 100kHz.

In ADC interrupt function, voltages and currents from each voltage side are read by
the ADC module. ADC module provides 12-bit sample-and-hold channels, that is, input
voltage ranged from OV to 3V is converted into the digital value ranged from 0 to 4096
in DSP. With proper regulation, corrected voltages and currents can be derived.

With the read voltage and current values, the efficiency of the AC-CFDAB can be

calculated. The efficiency is used in the efficiency control loop.

( ADC Interrupt Funcion Starts )

v

/ Read converted VL, IL, VH, IH

v

/ Calculate Efficiency /

A4

( ADC Interrupt Funcion Ends )

Fig. 4.10 Control flowchart for ADC interrupt function.
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(b) CPU Interrupt Function

The control flowchart for the CPU interrupt function is shown in Fig. 4.11. CPU
interrupt is triggered by the system clock, timer 0 module, with 100kHz triggered
frequency.

In the CPU interrupt function, four GPIO values, GP1O16, GPIO18, GPIO20 and
GPIO22, are read in the beginning. The four GPIO values are controlled by the DIP
switches in the control board. Each of them implies different operation. GPIO16 value
controls the EPWM output. GPIO18 value decides whether operating in buck operation
or not, which is switched in the MEPT transient experiment. GPIO20 value decides
whether the I; is controlled or not. If I, is controlled, the value of I; is read and PI
control is used to decide the ¢y, value. While ¢y, is derived by (2.35) if I, is in
open-loop control. GPIO22 value decides whether the efficiency control loop is set or not.
If the efficiency control is set to be open, D, is set to be 0.47 all the time. While perturb

and observe method is used in the efficiency control loop.
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( CPU Interrupt Funcion Starts )

A4

Read GPIO16, GPIO18, GPIO20, GPIO22 values

Disable EWPM Output

Enable EWPM Qutput

A

Buck Operation

GPIO18 =17

Boast Operation

N

IL Open Loop Control

IL Closed Loop Control

h

Efficiency Open Loop Control

Efficiency Closed Loop Control

!

( CPU Interrupt Funcion Ends )

Fig. 4.11 Control flowchart for CPU interrupt function.
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Chapter 5 Simulation and Experimental Verification

In previous chapters, MDPSM and MEPT are proposed. In this chapter, some
simulations and experiments are done to verify the feasibility. The detailed test
environment is introduced in section 5.1, and each test condition is verified individually

in section 5.2 to section 5.4.

5.1 Test Environment

In this section, the test condition and the verification terms are introduced.

All simulations are done by Matlab/Simulink or Simplis, and the test environment
of all experiments is shown in Fig. 5.1. DC Power Supply EA-PSI 9500-30 form the
Elektro-Automatik (EA) is chosen to be the LVS power source due to its 400V/30A output
rating, while Programmable DC Source 62100H-600S from Chroma is chosen to be the
HVS power source due to its 600V/17A output rating. The hardware circuit is introduced

in the chapter 4 and the photo is shown in Fig. 5.2.

\—”’“ng 5} R

T

15

: o

L B

Fig. 5.1 Test environment of the experiment.

67

doi:10.6342/NTU202202177



Low-voltage-side Transformer
Power Board J—

(i

{IF

| - |

Control Board

s o L@_‘l S MO L
g o P/ )

Fig. 5.2 Photo of the hardware circuit.

' ‘High-voltage-side
Power Board

To verify the previous analysis, full load case, middle load case, and light load case

are set. The full load case is set according to the maximum rated transfer power, £720W.

In the full load case, I; is equal to +15A. The middle load case is set as the transfer

power is +480W, that is, +10A for I;. The light load case is chosen to be +240W with

+5A for I;. In the following verification, the above three load cases are all set in the three

verification terms.

With the designed power rating and system parameters, some modulation parameters

can be set by previous equations. In the following part, D, is equal to 0.32, D, ;pep is

equal to 0.47, D.4; and D4, are both 0.02, and Dg joqq has the same value, 0.03, as

Dd,lag-
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5.2 Steady-state Waveforms

In Chapter 2, the theoretical analysis show that MDPSM can achieve bidirectional
operation and ZVS for proper deadtime. These two features are first verified. The
simulations and experiments of each load case are done in this section.

In the steady-state waveforms of MDPSM, ¢@y; can be observed by V,;, and V.4
with the unit of ratio, power transmission can be recognized by I;, and the circuit
operation can be corresponded by I;. All of the six load cases are done in this section.

And the error is defined by (5.1).

Theoritical value — Measure value
Error = * 100% 5.1
Measure value

In the ZVS waveforms of MDPSM, the Vs and Vg, values of each switch are
measured. Because the symmetry operation of positive-half-cycle and negative-half-
cycle, the simulations only show half of the switches. The ZVS waveforms of each switch

are shown in the experiment results.
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(a) -240W case
Fig. 5.3 shows the steady-state simulation waveform of -240W case. The simulation
is done by Simplis and all of the system parameters are same as the hardware circuit. The

steady-state result of the hardware experiment is shown in Fig. 5.4.

time/uSecs 2uSecs/div

Fig. 5.3 Simulation result of -240W steady-state waveform.

I 100V/ ' 500V/ 1.004/ 50.0A m 2.000us/ 17.5V ]
-200.000V 0.0v -3.00000A 150.000A |_J 00s Stop N
1 i Meas 55.

Pk-PK( ):

Lanay T (‘pHL = 0'0929 l}l.‘é —— e 274V

| Freg( ):
[ 102.00kHz

e el ™ Max( ):
’ 142v

i et e S LT Max("):
440V

{ k /f""'" Avg - FS(E):

-4.9390A

\ f‘ Max(3):
| -4.41A

w Min(3):
S541A

-4.41A Max(4):
W 24 5A
4
-5.41A
Ik 4y

Fig. 5.4 Experiment result of -240W steady-state waveform.
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The key value of steady-state results are listed in Table 5.1. Theoretical equation of
[, is (2.32), and the theoretical value of @y, can be derived by (2.35). The errors of I,
from simulation and experiment are both less than 1.5% and the errors of @y, are both
less than 1.5%, which shows that the theoretical equation is very closed to simulation and

experiment results in -240W case.

Table 5.1 Comparing steady-state results in -240W case.

I.(A) Errory;, PHL Errory,,
Theoretical equation -5 0.0921
Simulation result -5.01 0.2% 0.0932 1.18%
Experiment result -4.93 1.42% 0.0929 0.86%

To verify the feasibility of ZVS turn-on, deadtime of each switch are all set properly
by the previous ZVS condition equations. The feasibility of ZVS is first verified by
simulation in Fig. 5.5. The active clamp switch, S,., one LVS switch, S;, one HVS
leading-leg switch, Ss, and one HVS lagging-leg switch, Sg, are shown in simulation. It
can be observed that all of the switches achieve ZVS in simulation. To further verify the
feasibility of ZVS, experiment results are shown in Fig. 5.6 and Fig. 5.7. It is clear by the
results of experiment that all of the switches operate in ZVS. Note that the turn-off spikes
in Syt and Spy are caused by the oscillator between Cggpy and active clamp ESL,

which is not simulated in Simplis.
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Fig. 5.5 Simulation result of -240W ZVS waveform.
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Fig. 5.6 Experiment result of -240W Sact ZVS waveform.
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Fig. 5.7 Experiment result of -240W SLV and SHV ZVS waveform.
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(b) -480W case

Fig. 5.8 shows the steady-state simulation waveform of -480W case. The simulation

is done by Simplis and all of the system parameters are same as the hardware circuit. The

steady-state result of the hardware experiment is shown in Fig. 5.9.

L — [P — 1
20} - . | - = L
Vab -60 L i==l:
400 T ¥ 4 3
Ved o L 7 L 7
-400 X L J
Mm ‘
-10—
IL -10.3 1 - I I 1
| P | i |l P | |
ko= e e
-2 ! ! [ | b\
32 34 36 38 40 42 44 46 48 50
time/uSecs 2uSecs/div
Fig. 5.8 Simulation result of -480W steady-state waveform.
100V/ 500V/ 2.004/ 50.0a/  [77) 2.000us/ 17.5V [ ]
. n -200.000V 0ov ' -6.00000A 150.000A }i’ 00s Stop o7
@nL = 0.108 ~ e
' Pk-PK( ):
S O 268V
‘\" T ] R Freg( ):
- N 1.1 [ ) _— 99.356kHz
i a I- Ty - |< e 138V
i‘:ﬂ‘:.:—‘.::"'* o F‘,‘lT-'.'..'-’:f.‘."—’ Max():
¥ 440V
\ f \ : 77 avg- Fs@y:
Ved { ! \ { -9.8449A
) \ f A / Max(3):
\ | t. ; EE
T \—uﬂmnnn} Min(3):
-10.35A
It Nﬁm i 29A
-10.35A 4
Ik @/\N’W\f\

Fig. 5.9 Experiment result of -480W steady-state waveform.
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The key waveform of steady-state results are listed in Table 5.2. Theoretical equation
of Ij, is(2.32), and the theoretical value of @y, can be derived by (2.35). The errors of
[}, from simulation and experiment are both less than 2% and the errors of @y, are both
less than 2%, which shows that the theoretical equation is very closed to simulation and

experiment results in -480W case.

Table 5.2 Comparing steady-state results in -480W case.

I.(A) Errory;, PHL Errory,,
Theoretical equation -10 0.1091
Simulation result -9.99 0.1% 0.1108 1.53%
Experiment result -9.84 1.62% 0.1080 1.02%

To verify the feasibility of ZVS turn-on, deadtime of each switch are all set properly
by the previous ZVS condition equations. The feasibility of ZVS is first verified by
simulation in Fig. 5.10. The active clamp switch, S,., one LVS switch, S;, one HVS
leading-leg switch, Ss, and one HVS lagging-leg switch, Sg, are shown in simulation. It
can be observed that all of the switches achieve ZVS in simulation. To further verify the
feasibility of ZVS, experiment results are shown in Fig. 5.11 and Fig. 5.12. It is clear by
the results of experiment that all switches operate in ZVS. Note that the turn-off spikes in
Sact and Spy are caused by the oscillator between Cyg1y and active clamp ESL, which

1s not simulated in Simplis.
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Fig. 5.11 Experiment result of -480W Sact ZVS waveform.

Vds_act
Vgs_act . —
N {
Vds_s5
Vgs_s5 @
time/uSecs ‘ ¢ " - MSscs}:N
Vgs_Sact #
[NMW"""
Vds_Sact . S
(1]
|
/ \
Vds_S1 } L3
Vgs_S2
Vds_S2 , ] \(
mamaae ~ 4 HWW‘"
Vds_S3 |F' y
Vgs_S4 w
ho \ —
Vds_S4 \ r

Vds_S5

Vgs_S6 / \
— fa—
VdS_S6 umammsmen
L]
Vds_S7 \[ |
’ sty n R |

Vgs_S8

Vds_S8 ,,M‘

Fig. 5.12 Experiment result of -480W SLV and SHV ZVS waveform.
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(c) -720W case

Fig. 5.13 shows the steady-state simulation waveform of -720W case. The

simulation is done by Simplis and all of the system parameters are same as the hardware

circuit. The steady-state result of the hardware experiment is shown in Fig. 5.14.
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Fig. 5.13 Simulation result of -720W steady-state waveform.
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Fig. 5.14 Experiment result of -720W steady-state waveform.
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Comparing steady-state results are listed in Table 5.3. Theoretical equation of [}, is
(2.32), and the theoretical value of @y, can be derived by (2.35). The errors of [}, from
simulation and experiment are both less than 2% and the errors of @y, are both less than
2%, which shows that the theoretical equation is very closed to simulation and experiment

results in -720W case.

Table 5.3 Comparing steady-state results in -720W case.

IL(A) Errory, PHL Errorg,,
Theoretical equation -15 0.1262
Simulation result -15.02 0.13% 0.1286 1.87%
Experiment result -14.74 1.76% 0.1286 1.87%

To verify the feasibility of ZVS turn-on, deadtime of each switch are all set properly
by the previous ZVS condition equations. The feasibility of ZVS is first verified by
simulation in Fig. 5.15. The active clamp switch, S,., one LVS switch, S;, one HVS
leading-leg switch, Ss, and one HVS lagging-leg switch, Sg, are shown in simulation. It
can be observed that all of the switches achieve ZVS in simulation. To further verify the
feasibility of ZVS, experiment results are shown in Fig. 5.16 and Fig. It is clear by the
results of experiment that all of the switches operate in ZVS. Note that the turn-off spikes
in Syt and Spy are caused by the oscillator between Cgg;y and active clamp ESL,

which is not simulated in Simplis.

77

doi:10.6342/NTU202202177



Vds_act M Vds_s1 =
Vgs_act = " y —— Vgs_s1 ¥ \ —
4Mhme:‘uSec 500nSecs/div time/uSecs 500nSecs/div
350 oy
Vds_s5 o Vds_s7
Vgs_s5 '@ Vgs_s7 '
-0 .m--"‘:,', 40 T HS_=45=
time/uSecs 1uSecs/div time/uSecs 1uSecs/div
Fig. 5.15 Simulation result of -720W ZVS waveform.
0@ B 00 00 s IS0 SO0 S § W27
Vgs_Sact )
i o
i
Vvds_Sact - |
£ Hl
Fig. 5.16 Experiment result of -720W Sact ZVS waveform.
g p
(1]
A . \ /
r \ i
Vds_S1 - -‘ de{ Vs _S5 b
Vgs_s2 W” Vgs_s6 : \
1 Y — V]
Vds_S2, \ w Vds_S6 = . s
]
[‘ Pt s Ea
| oy ! W“"' 1
Vds_S3 |(‘ 1} Vds_S7 \ |
£ (T [P — e
Vgs_S4 . \Vgs_S8
’ \
Vds_S4 lme ﬁf Vds_S8 [ ‘\
S_ ' | S_ ’ !

Fig. 5.17 Experiment result of -720W SLV and SHV ZVS waveform.
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(d) 240W case

Fig. 5.18 shows the steady-state simulation waveform of 240W case. The simulation
is done by Simplis and all of the system parameters are same as the hardware circuit. The

steady-state result of the hardware experiment is shown in Fig. 5.19.
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Fig. 5.18 Simulation result of 240W steady-state waveform.
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Fig. 5.19 Experiment result of 240W steady-state waveform.
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Comparing steady-state results are listed in Table 5.4. Theoretical equation of [}, is
(2.32), and the theoretical value of @y, can be derived by (2.35). The errors of [}, from
simulation and experiment are both less than 1% and the errors of @y, are both less than
1.5%, which shows that the theoretical equation is very closed to simulation and

experiment results in 240W case.

Table 5.4 Comparing steady-state results in 240W case.

IL(A) Errory, PHL Errorg,,
Theoretical equation 5 0.0579
Simulation result 5.01 0.20% 0.0582 0.52%
Experiment result 4.96 0.81% 0.0587 1.36%

To verify the feasibility of ZVS turn-on, deadtime of each switch are all set properly
by the previous ZVS condition equations. The feasibility of ZVS is first verified by
simulation in Fig. 5.20. The active clamp switch, S,., one LVS switch, S;, one HVS
leading-leg switch, Ss, and one HVS lagging-leg switch, Sg, are shown in simulation. It
can be observed that all of the switches achieve ZVS in simulation. To further verify the
feasibility of ZVS, experiment results are shown in Fig. 5.21 and Fig. 5.22. It is clear by
the results of experiment that all of the switches operate in ZVS. Note that the turn-off
spikes in S,¢ and Spy are caused by the oscillator between Cgygpy and active clamp

ESL, which is not simulated in Simplis.
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Fig. 5.21 Experiment result of 240W Sact ZVS waveform.
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(e) 480W case

Fig. 5.23 shows the steady-state simulation waveform of 480W case. The simulation
is done by Simplis and all of the system parameters are same as the hardware circuit. The

steady-state result of the hardware experiment is shown in Fig. 5.24.
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Fig. 5.23 Simulation result of 480W steady-state waveform.

. n 100V/ 1.00kV/ . 2,004/ 50,08/ B 2.000us/ 175V

-100.000v 1.00000kV 4.000004 150.000A 1.180us Stop

- i Meas it .
10.49A Pk-Pk( ):

IL HMW st

Freq( ):

99.455kHz
] PyL = 0.0422 . | Max( )
prom oz ___,' it 121v
1‘ ‘ | - » Max(.):

e

1=~ == "'W»""’ '-:'-: T ey — 46w
J | ( Avg - FS3):
st e bi::-? T 10.019A

! | Max(3):

10.43A

Ved 2 \ ’/./._L\._-____—_—‘ - o
Max(4):

23A

B fin(d

Ik TW

Fig. 5.24 Experiment result of 480W steady-state waveform.
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Comparing steady-state results are listed in Table 5.5. Theoretical equation of [}, is
(2.32), and the theoretical value of @y, can be derived by (2.35). The errors of [}, from
simulation and experiment are both less than 0.5% and the errors of @y, are both less
than 3.5%, which shows that the theoretical equation is very closed to simulation and

experiment results in 480W case.

Table 5.5 Comparing steady-state results in 480W case.

IL(A) Errory, PHL Errorg,,
Theoretical equation 10 0.0409
Simulation result 10.02 0.20% 0.0408 0.25%
Experiment result 10.02 0.20% 0.0422 3.08%

To verify the feasibility of ZVS turn-on, deadtime of each switch are all set properly
by the previous ZVS condition equations. The feasibility of ZVS is first verified by
simulation in Fig. 5.25. The active clamp switch, S,., one LVS switch, S;, one HVS
leading-leg switch, Ss, and one HVS lagging-leg switch, Sg, are shown in simulation. It
can be observed that all of the switches achieve ZVS in simulation. To further verify the
feasibility of ZVS, experiment results are shown in Fig. 5.26 and Fig. 5.27. It is clear by
the results of experiment that all of the switches operate in ZVS. Note that the turn-off
spikes in S,¢ and Spy are caused by the oscillator between Cgygpy and active clamp

ESL, which is not simulated in Simplis.
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Fig. 5.27 Experiment result of 480W SLV and SHV ZVS waveform.
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(f) 720W case

Fig. 5.28 shows the steady-state simulation waveform of 720W case. The simulation
is done by Simplis and all of the system parameters are same as the hardware circuit. The

steady-state result of the hardware experiment is shown in Fig. 5.29.
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Fig. 5.28 Simulation result of 720W steady-state waveform.
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Fig. 5.29 Experiment result of 720W steady-state waveform.
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Comparing steady-state results are listed in Table 5.6. Theoretical equation of [}, is
(2.32), and the theoretical value of @y, can be derived by (2.35). The errors of [}, from
simulation and experiment are both less than 1.5% and the errors of @y, are both less
than 5%, which shows that the theoretical equation is very closed to simulation and

experiment results in 720W case.

Table 5.6 Comparing steady-state results in 720W case.

IL(A) Errory, PHL Errorg,,
Theoretical equation 15 0.0238
Simulation result 14.97 0.20% 0.0237 0.42%
Experiment result 14.79 1.42% 0.0250 4.80%

To verify the feasibility of ZVS turn-on, deadtime of each switch are all set properly
by the previous ZVS condition equations. The feasibility of ZVS is first verified by
simulation in Fig. 5.30. The active clamp switch, S,., one LVS switch, S;, one HVS
leading-leg switch, Ss, and one HVS lagging-leg switch, Sg, are shown in simulation. It
can be observed that all of the switches achieve ZVS in simulation. To further verify the
feasibility of ZVS, experiment results are shown in Fig. 5.31 and Fig. 5.32. It is clear by
the results of experiment that all of the switches operate in ZVS. Note that the turn-off
spikes in S,¢ and Spy are caused by the oscillator between Cgygpy and active clamp

ESL, which is not simulated in Simplis.
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Fig. 5.32 Experiment result of 720W SLV and SHV ZVS waveform.
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5.3 Bidirectional Transient Response

After verifying the flexibility of MDPSM in steady-state, the bidirectional transient,
which is one of the feature in MDPSM, should be focused, too. In this section, buck-boost
and boost-buck operations for each load case are all done. Overshoots of I;, V.., and I
are concerned, too. To well control the power flow, a PI controller is applied. The detailed

control parameters are listed in Table 5.7.

Table 5.7 Contol parameters of the PI controller.

Kp Ki

Value —5%1075 —0.625

In [34], it is mentioned that the bidirectional transient of SSM is too heavy to harm
the circuit in experiment. In this section, the experiment of SSM is not done. Only the

experiment of MDPSM is done to verified the feasibility of bidirectional operation.
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(a) 240W Case

Fig. 5.33 shows the simulation results of 240W case, and Fig. 5.34 shows the
experiment results. It can be found that the results are a little different between
simulations and experiments. The reason is that the parasitic effects are hard to fully
model in simulations. But, it can be found that the overshoots of I, are 20.6% and
10.01% separately from buck-boost and boost-buck operation. And the drops of V., and
I} are not obvious in both operation. The bidirectional transients are acceptable and

harmless for the hardware circuit.

Fig. 5.33 Simulation result of 240W bidirectional transient.
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Fig. 5.34 Experiment result of 240W bidirectional transient.
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(b) 480W Case

Fig. 5.35 shows the simulation results of 480W case, and Fig. 5.36 shows the
experiment results. Identically, the results are a little different, which is caused by the
parasitic effects. By the experiment results, it can be found that the overshoots of I; are
20% and 10% separately from buck-boost and boost-buck operation. Overshoots of 1,
and I;; are small in both operation. The bidirectional transients are acceptable and

harmless for the hardware circuit in both cases.
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Fig. 5.35 Simulation result of 480W bidirectional transient.
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Fig. 5.36 Experiment result of 480W bidirectional transient.
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(c) 720W Case

Fig. 5.37 shows the simulation results of 720W case buck-boost and boost-buck
operations, and Fig. 5.38 shows the experiment results. Because the incomplete model of
the parasitic effects, the results are a little different. In the experiment results, it can be
found that the overshoots of I; are 20% and 10% separately from buck-boost and boost-
buck operation, and the drops of V., and I;; are small in this case. The results show

that the bidirectional transients are acceptable for this circuit in the full-load case.

Fig. 5.37 Simulation result of 720W bidirectional transient.
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Fig. 5.38 Experiment result of 720W bidirectional transient.
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5.4 Maximum Efficiency Point Tracking Strategy

After fully verification the steady-state and transient response of MDPSM, MEPT
should be verification finally. In this section, MEPT is verified with different load cases.
I; is controlled by ¢y, in I, control loop, D, is controlled in the efficiency control
loop by the perturb and observe method.

In the experiment, to make sure that I; control loop is well-controlled in steady-
state, the period of efficiency control loop is set much larger than I; control loop with
0.21s. In addition, to verify the tracking of maximum efficiency point, efficiencies of each
operation point are also measured. To strike a balance between the resolution and the
measured data points, the perturbation of efficiency control loop is finally set to be 0.01.

Because D, is hard for the scope to measure directly by V,;, the experimental
value of D, is demoed by the converted voltage, V,.pnperteq- The realtime value of D,
is first converted into the duty cycle of one EPWM channel in DSP, and the high
resolution mode from the scope is used to filter the EPWM frequency, then V,.,nperteds
the converted voltage from D,, can be record in the scope. The relationship between D,
and Vipnvertea 18 shown in Table 5.8. In the following, V,.onvertea 1S shown and the

exact values of D, are also marked.

Table 5.8 Relationshiop between D2 and converted voltage.

D, 0.47 0.46 0.45 0.44 0.43 0.42 0.41 0.40

Veonvertea | 24V | 22V | 20V | 1.8V | 1.6V | 14V | 12V | 1.0V
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(a) -240W Case

Fig. 5.39 shows the experiment result of -240W efficiency control loop. The initial
value of D, is 0.47, and the perturbation of D, is 0.01. It can be found that D, keeps
the value of 0.45 and 0.43 in the steady-state.

To ensure that the maximum efficiency point is tracked, the efficiencies with
different D, are measured in Fig. 5.40 by the power meter. Fig. 5.40 indicates that 0.44
is the maximum efficiency point of D,. The final efficiency of -240W in the maximum

efficiency control strategy is 86.295%.
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Fig. 5.39 Experiment results of -240W efficiency control loop.
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Fig. 5.40 Efficiency versus D2 chart in -240W case.
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(b) -480W Case

Fig. 5.41 shows the experiment result of -480W efficiency control loop. The initial
value of D, is 0.47, and the perturbation of D, is 0.01. It can be found that D, keeps
the value of 0.46 and 0.44 in the steady-state.

To ensure that the maximum efficiency point is traced, the efficiencies with different
D, are measured in Fig. 5.42 by the power meter.

Fig. 5.42 indicates that 0.45 is the maximum efficiency point of D,. The final

efficiency of -480W in the maximum efficiency control strategy is 89.86%.
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Fig. 5.41 Experiment results of -480W efficiency control loop.
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Fig. 5.42 Efficiency versus D2 chart in -480W case.
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(c) -720W Case
Fig. 5.43 shows the experiment result of -720W efficiency control loop. The initial
value of D, is 0.47, and the perturbation of D, is 0.01. Because the range of D, is
from 0.47 to 0.46, the result of the perturb and observe method keeps in 0.47 and 0.46.
The efficiencies with different D, can be measured in Fig. 5.44 by the power
meter. Fig. 5.44 indicates that 0.46 is the maximum efficiency point of D,. The final

efficiency of -720W in the maximum efficiency control strategy is 90.824%.
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Fig. 5.43 Experiment results of -720W efficiency control loop.

-720W Efficiency (Dac=0.32)
100
99
98
97
9%6

95

EFF(%)

94

93

92 90.824
o 90.68

90
035 037 0.39 0.41 043 0.45 0.47 0.49

D2

Fig. 5.44 Efficiency versus D2 chart in -720W case.
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(d) 240W Case

Fig. 5.45 shows the experiment result of 240W efficiency control loop. The initial
value of D, is 0.47, and the perturbation of D, is 0.01. It can be found that D, keeps
the value of 0.43 and 0.41 in the steady-state.

To ensure that the maximum efficiency point is traced, the efficiencies with different
D, are measured in Fig. 5.46 by the power meter. Fig. 5.46 indicates that 0.42 is indeed
the maximum efficiency point of D,. The final efficiency of 240W in the maximum

efficiency control strategy is 86.81%.
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Fig. 5.45 Experiment results of 240W efficiency control loop.
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Fig. 5.46 Efficiency versus D2 chart in 240W case.
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(e) 480W Case

Fig. 5.47 shows the experiment result of 480W efficiency control loop. The initial
value of D, is 0.47, and the perturbation of D, is 0.01. It can be found that D, keeps
the value of 0.43 and 0.42 in steady-state, which is different from other cases. The reason
is that the maximum efficiency point is in the lower bound of D,.

To ensure that the maximum efficiency point is traced, the efficiencies with different
D, are measured in Fig. 5.44 by the power meter. Fig. 5.44 indicates that 0.43 is the

maximum efficiency point of D,. The final efficiency of -480W in the maximum

efficiency control strategy is 91.929%.
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Fig. 5.47 Experiment results of 480W efficiency control loop.
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Fig. 5.48 Efficiency versus D2 chart in 480W case.
97

doi:10.6342/NTU202202177



(f) 720W Case

Fig. 5.49 shows the experiment result of 720W efficiency control loop. The initial
value of D, is 0.47, and the perturbation of D, is 0.01. Because the range of D, is
from 0.47 to 0.46, the result of the perturb and observe method keeps at 0.47 and 0.46.

To ensure that the maximum efficiency point is traced, the efficiencies with different
D, are measured in Fig. 5.50 by the power meter. Fig. 5.50 indicates that 0.46 is the
maximum efficiency point of D,. The final efficiency of -720W in the maximum

efficiency control strategy is 91.363%.
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Fig. 5.49 Experiment results of 720W efficiency control loop.
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Fig. 5.50 Efficiency versus D2 chart in 720W case.
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Chapter 6 Conclusion and Future Work

6.1 Summary

Modified dual phase shift modulation(MDPSM) for active-clamped current-fed dual
active bridge(AC-CFDAB) converter is proposed in this thesis. To control the efficiency,
maximum efficiency point tracking strategy(MEPT) is also proposed. The conclusions
are summarized in the following:

1. Conventional modulation methods, including ZVZCS modulation and secondary-
side modulation(SSM), are introduced and their advantages and disadvantages for
them are discussed.

2. MDPSM is proposed and analyzed. The main features of MDPSM are bidirectional
power transmission, ZVS for all switches, and improvement for bidirectional
transient.

3. MEPT is proposed and analyzed. Power efficiency increases by adjusting the duty
cycle of the high-voltage-side switching node voltage.

4. The design process of system parameters, such as transformer and duty cycles, is
provided, and the efficiency equations are listed in this thesis.

5. A rated 720W AC-CFDAB converter is realized, and the details of the hardware
circuit are provided.

6. Some functions are verified, including steady-state waveform, bidirectional

transient, and MEPT, with 240W, 480W, and 720W load cases.
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6.2 Future Works

Some suggested research topics and future works are listed as follows:

1. The small-signal model for MDPSM is not analyzed in this thesis. To discuss more
the stability, the compensator designed by the small-signal model can be adapted in
future works.

2. The improvement of bidirectional transient just illustrated by the simulations, the
quantitative analysis of the response can be considered in future works.

3. Thedesign process in this thesis refers to the process of the conventional modulation
method, the optimized design process for MDPSM can be analyzed and adapted in
future works.

4. MEPT just takes the duty cycle of high-voltage-side switching node voltage into
account, the duty cycle of low-voltage-side switching node voltage can be analyzed
in future works.

5. Perturb and observe method is applied in the efficiency control loop. Other methods
to trace the maximum efficiency point can be discussed in future works.

6. The research in this paper focuses on the fixed input voltage, the floating input

voltage case can be considered in future works.
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