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• By employing the TSW/2 and TZCD replica controllers with AOM, it improves power efficiency in 

the heavy-DCM region and prevents the negative ILM, thereby avoiding the VCF offset.

• The proposed DSD converter tracks the MPP over a wide range of RIN for HV-EH system.

TENGPiezoelectric

Solar energy

Introduction Proposed DSD controller

Proposed P&O MPPT

Conclusion

Proposed System Architecture & Operation

Zero Current 

Detector

(ZCD)

CF VOUT

R
O

U
T

VXC

VXS

VXM

MMH

MSH

MSL

MML
LM

LS

RFS CFS
VFS

VBSTS

As

5V

S

CBSTS

AOM

TZCD 

Replica 

Controller
ENS,SW/2

ENS,ZCD

TSW/2 

Replica 

Controller

Zero Current 

Detector

(ZCD)

IPDC

VZCDM

VZCDS
VXM

VXS

RIN

ENM

ΦM ΦSΦM

ΦM,lΦS,h

ΦS,l

CIN

RS

VS

ΦM,h

5V

5V

5V

5V

As

5VVIN

S

5V VBSTS

VXS

LSLM LSMH,Asy LSMH,Sy

Device list

ΦM,L

ΦS,L

5V

ΦS,H

ΦM,H
Current sensor

CCLS

MPPT 

Controller

VIN

VFS

VOUT

ΦS

VIN

C
O

U
T

VDS,48 VDS,24

VDS,5 VDS,1.8

ENS,ZCD

gen.

CH4

VS4 VH4

ΦS2ΦS4

CS4

IS
VDD

CS3 CH3

VS3 VH3

ΦS3 ΦS1

S Q

R

CM2

ENS,SW/2

CCM2

ISVRST2

CMG2

VMG2

ΦS4

ΦS3

VZCDSΦS

VCM2

IS
VDD

Q IOS

VDD

VDD

S/H3

S/H4

TZCD

timing

gen.

ΦS2

ΦS1

ENS,ZCD

ΦM

TZCDS

TZCDSTZCDS

IS

TZCDS
ΦS

t

ΦM

VS3

VS4

VCM2

ENS,SW/2

VZCDS

VCM1

ENS,ZCD

VRST2

VMG1

VH3

VH4

VMG2

Early reset

Set

Early

reset

IS Early reset

TSW/2

Set

TSW/2

TSW

TSW/2

Set

IS

CCM Light-DCM Heavy-DCM

TZCDS

TZCDS TZCDS
TZCDTSW/2 TSW/2 TSW/2

ENM

ΦM

ΦS

ENS

ΦM,h

ΦS,h

ΦM,l

ΦS,l

VXM

VXS

tdead

VCM4

VZCDM

TZCD

VZCDS

VZCDM

Negative

ILM

ΦS

ΦSF

t

ΦS

t

ΦS1

ΦS2

VZCDS

ΦQ

ΦSB

ΦZCDS

ΦS3

ΦS4

TZCD timing gen.

D Q

ΦS4

VZCDS

S Q

R

ΦS

ΦZCDS

ΦQQ

Q

ΦSB

ΦS3

ΦS2

ΦS1

TSW

TZCDS

     ILM,        ILS

t

ΦS,l

ΦS,h

ΦM,l

ΦM,h

IL

Negative Current 

Light-DCM Heavy-DCM

ILM,peak ILS,peak

     ILM,        ILS

t

ΦS,l

ΦS,h

ΦM,l

ΦM,h

IL

Heavy-DCM

Overlap

Prevent 

Negative Current

TZCD

P
o

w
e

r

VSE1

VSE2 PTC

TDC
REG1

:QNOW

REG2

:QLAST

Voltage & Current 

sensor

TMP

VIN VFS VOUT

Digital CMP

QMP[0:7]

PDC

ΦU/D

IPDC

Control

Logic

Max. PIN

MPP : RIN optimize

ΦMP,EN

ΦMP,EN2

ΦS

: TON change

-
+

J Q

K
RST

VSE1

VRA

ΦMP,EN

TMP

CM6

V
S

E
2

R1

Φ
M

P
,F

IN

IRA

CRA

ΦMP,ENB

VOUT
VXC

VXS

LSRLS

CFSRFS

RCS

-
+

CCS1

Amp2

CCS2

VOUT,SD

VFS,SD

VFS

xN xN

HVSD VIN
VIN,SD

-
+

Amp1

DH,N

VDD

MSL

MMH

Current

sensing

Voltage

sensing

PTC

ΦMP,ENB

DL,N

Multimeter

Power 

Supply

Pulse 

generator

Chip

Oscilloscope

Sub circuits in the Study

 

(1) Relaxation Oscilator

(2) V & I Sensing circuit 

(3) MPPT circuit

(4) TSW/2 mirror controller

(5) TZCD mirror controller

(6) ON/OFF-time modulator

(7) Power switches with 
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Experiment resultsEfficiency

* The chip fabrication and CAD tools were supported by the IDEC (IC Design Education Center).*

• A HV-EH IC was fabricated in 

130nm BCD and its performance 

was evaluated using the equivalent 

circuit, model of the EH system.

PTC with V&I sensorsBlock diagram of proposed P&O MPPT

• To optimize the input impedance RIN such that PIN is maximized at the 

maximum power point (MPP), the MPPT controller compares the present state 

with the previous state and determines the tracking direction according to the 

resulting power variation based on the P&O scheme.
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• To reflect the EH source (PV-panel, TENG and PENG) characteristics, the input stage is modeled as a simplified equivalent circuit composed of VS, RS, and CIN. The power stage 

consists of two high-side switches (MMH and MSH) and two low-side switches (MML and MSL).

• The timing relationship between the master and slave phases is defined by the enable signals ENS,SW/2 and ENS,ZCD, generated by the TSW/2 and the TZCD replica controller, respectively.

• In the heavy-DCM region, if ENS is still activated at TSW/2, negative ILM can be induced, resulting in an undesired rise of VXM. To avoid this, ENS is shifted from TSW/2 to TZCD to 

prevent negative ILM.

TZCD replica controller

Operation waveform of the DSD converter in CCM, light-DCM and heavy-DCM. Block diagram of the proposed DSD converter for the HV-EH system

 Increase power loss  VCF offset  ILM & ILS imbalance

• To prevent negative inductor current, the 

TZCD replica controller is proposed.

• TZCDS is defined as the time interval from the end of ΦS to the occurrence of VZCDS.

• The voltage is sampled and held during the 

TZCD interval, and based on this stored 

value, the ENS,ZCD signal delayed by TZCD

is generated.
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Challenge: Negative ILM

DSD

Conv.

Solution

• By intentionally overlapping the conduction intervals of 

the two phases, the proposed scheme suppresses negative 

ILM and maintains a continuous charge transfer path 

through CF. → TZCD phase interleaving

HV-EH sources

• The V&I sensor outputs VSE1 and VSE2, 

which are converted by the PTC into a 

time-domain signal TMP representing PIN. 

The TDC converts TMP into QMP[0:7], 

which is stored and compared to generate 

ΦU/D. Based on ΦU/D, the PDC adjusts IPDC, 

controls TON, and tunes RIN toward the 

MPP.

Experiment setupChip micrograph

• In CCM, the ENS,SW/2 signal is activated, and the phase difference 

between ΦM and ΦS is defined by TSW/2. In contrast, in DCM, the 

ENS,ZCD signal is activated, and the phase difference between ΦM and 

ΦS is defined by TZCD.
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