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3 PWM generation) 

 D  iL1  VO  D  iL1  

VO  

 VO

  iL1

D V

Negative: N , Zero: Z Positive: P VO > Vref, VO = Vref  VO < 

Vref  miL1 Negative Large: NL ,

Negative Medium: NM Zero: Z Positive Medium: PM Positive Large: PL

 

1  Membership Function) 

V  miL1

 

V/Vref  miL1/mref

Triangular Trapezoidal
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V V 

W 

 

 

 V/Vref  

 

miL1/mref) 

 

 iL1  miL1/mref 
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iL1  

miL1/mref t Iref (4. )  

-  iL1 t+ t  iL1 t  = 2Iref miL1/mref = 2  PL 

-  iL1 t+ t  iL1 t  = Iref  miL1/mref = 1 PM 

- iL1 t+ t  iL1 t  = 0  miL1/mref = 0  Z 

-  iL1 t+ t  iL1 t  = Iref  miL1/mref = 1  NM 

-  iL1 t+ t  iL1 t  = 2Iref miL1/mref = 2  NL 

 iL1  miL1/mref

4.  

 D

Sugeno Sugeno fuzzy inference  

 

 

D) 

 Linguistic variable) 

Linguistic variable) 

Expert system) 

 

V  miL1
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D

 

 

     

  V/Vref 

 

Negative: N 

Zero: Z  

Positive: P 

 

 

 

  miL1/mref 

 

Negative Large: NL  

Negative Medium: NM 

Zero: Z 

Positive Medium: PM 

Positive Large: PL 

 

 

 

 

 

 D  

Negative Large: NL 

Negative Medium: NM 

Zero: Z  

Positive Medium: PM   

Positive Large: PL 

 

 

 

 

 

 

 Fuzzy Rule) 

IF) THEN) IF THEN 

IF THEN 

IF 

THEN IF 
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V/Vref  miL1/mref D

Fuzzy associative 

memory)  

1st IF   V/Vref  = N   AND   miL1/mref  = PL THEN   D = NL 

2nd IF   V/Vref  = N   AND   miL1/mref  = PM THEN   D = NL 

3rd IF   V/Vref  = N   AND   miL1/mref  = Z THEN   D = NM 

4th  IF   V/Vref  = N   AND   miL1/mref  = NM THEN   D = Z 

5th  IF   V/Vref  = N   AND   miL1/mref  = NL THEN   D = PM 

6th  IF   V/Vref  = Z   AND   miL1/mref  = PL THEN   D = NL 

7th  IF   V/Vref  = Z   AND   miL1/mref  = PM THEN   D = NM 

8th  IF   V/Vref  = Z   AND   miL1/mref  = Z THEN   D = Z 

9th  IF   V/Vref  = Z   AND   miL1/mref  = NM THEN   D = PM 

10th  IF   V/Vref  = Z   AND   miL1/mref  = NL THEN   D = PL 

11th  IF   V/Vref  = P   AND   miL1/mref  = PL THEN   D = NM 

12th  IF   V/Vref  = P   AND   miL1/mref  = PM THEN   D = Z 

13th  IF   V/Vref  = P   AND   miL1/mref  = Z  THEN   D = PM 

14th  IF   V/Vref  = P   AND   miL1/mref  = NM THEN   D = PL 

15th IF   V/Vref  = P   AND   miL1/mref  = NL THEN   D = PL 

2

 

                   V/Vref 

miL1/mref 
N Z P 

PL NL NL NM 
PM NL NM Z 
Z NM Z PM 

NM Z PM PL 
NL PM PL PL 
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4  Fuzzy Inference) 

Mapping) 

Sugeno (Sugeno fuzzy 

inference) 

 

 

8  

Fuzzification) 

 

  

Controller) 

Fuzzy rule evaluation) 

IF 

THEN 

 

THEN 

Aggregation) 
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Defuzzification) 

Crisp value) 

Sugeno (Sugeno fuzzy inference) 

4.7 

Weighted average: WA) 4.6)

.6

yi

ui

N

4.9

Dn Dn 1

D
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9  
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5  Control Process) 

 V/Vref

4.2  

 

 

10  iL1  V/Vref N 

V/Vref V/Vref N)  VO  

Vref  iL1

 

1) miL1/mref PL iL1

D

D  (NL) miL1 mref  

2) miL1/mref PM iL1

D

D  (NL) miL1 mref  
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3) miL1/mref Z iL1

D

D (NM) miL1 mref

4) miL1/mref NM iL1

D

D (Z) miL1 mref

5) miL1/mref NL iL1

D D 

(PM) miL1 mref

VO Vref D

miL1 mref iL1

VO Vref

V/Vref, miL1/mref D

V/Vref, miL1/mref D V/Vref N

V/Vref V/Vref Z) VO Vref

iL1
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6) miL1/mref PL iL1

D

D  (NL) miL1  

7) miL1/mref PM iL1

D

D (NM) miL1

 

8) miL1/mref Z iL1

D

D  (Z) miL1  

9) miL1/mref NM iL1

D

D (PM) miL1

 

10) miL1/mref NL iL1

D

D  (PL) miL1  

-

10
t

iL1 (t) mref

miL1(t+ t)_________iL1 (t+ t)

n t

2Iref

Iref

Iref

2Iref

PL

PM

Z

NL

1

-2

2

00t

Fuzzy Process

mref

miL1(t+ t)_________
mref

miL1(t+n t)_________

1

2

2

1

0

 6th Rule
D = NL

7th Rule
D = NM 

 8th Rule
D = Z

10th Rule
D = PL

mref

2mref

2mref

NM-1
 9th Rule
D = PM

mref

 

1  iL1  V/Vref Z 



66
 

 VO  Vref D

 miL1  iL1 

VO Vref

V/Vref, miL1/mref D  

 

3 V/Vref, miL1/mref D V/Vref  Z 

V/Vref V/Vref P)  VO  Vref

 iL1 11

5  

11) 11 miL1/mref PL iL1

D

D  (NM) miL1  

mref 

12) 12 miL1/mref PM iL1

D

D  (Z) miL1 mref 

13) 13 miL1/mref Z iL1

D
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D (PM) miL1

 mref 

14)  miL1/mref NM iL1

D

D  (PL) miL1  mref 

15) miL1/mref NL iL1

D

D  (PL) miL1  mref 

-

10
t

iL1 (t) mref

miL1(t+ t)_________iL1 (t+ t)

n t

2Iref

Iref

Iref

2Iref

PL

PM

Z

NL

1

2

2

00t

Fuzzy Process

mref

miL1(t+ t)_________
mref

miL1(t+n t)_________

1

2

2

1

0

 11th Rule
D = NM

 12th Rule
D = Z

 13th Rule
D = PM

 15th Rule
D = PL

mref

2mref

2mref

NM1
 14th Rule

D = PL
mref

 

14  iL1  V/Vref P 

 VO  Vref D

 miL1 mref  iL1 

VO Vref

V/Vref, miL1/mref D  
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1 V/Vref, miL1/mref D V/Vref P

V/Vref

V/Vref V/Vref N&Z) 

V/Vref Z&P) miL1/mref

D

VO Vref

3

t 500

mref 100 A/s
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4.3 

 

MATLAB SIMULINK 

Vin Vref

R  

 Vin V, V V 

s, s s  Vref V  R

 Vin V  VO

 vC3  Vref V s  iL1, iL2  iL3 

A, A A s

Vin V V  vC1, vC2 vC3 

 Vin  vC3  Vref V  

iL1, iL2  iL3 W  iL1 A 

s s Vin V V 

 vC3 V  iL1, iL2  iL3 

W  iL1 A 

s 
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Vin =20V Vin =15V Vin =25V

 

1

 

2  Vref 400V, 300V 500V 

0s, 5s 10s  Vin  20V  R
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 Vin V  VO  

vC3  Vref V s  iL1, iL2  iL3 

A, A A  Vref

V V s s  

 vC3  Vref  iL1  mref

s 

 R , 

s, s s  Vin V Vref V

4.  

 Vin 20V  VO  vC3  Vref 

400 V 2s iL1, iL2  iL3 5A, 

1.85A 0.6875A  R 1600  3200  5s

100W 50W  

vC1, vC2  vC3  vC3  Vref 400  iL1 

 mref 2.5A 3s

10s R 3200  2400  vC1, vC2

 vC3  Vref 400V  iL1 

 mref 3.33A 2s 

 VO  vC3 Vref 
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Vref =400V Vref =300V Vref =500V

 

1
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R =1600 R =3200 R =2400

 

1
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4.4

Khwan on and Diewsurin, 

VO iL1 iL3

PI Voltage 

Loop) PI Current Loops) 

S1, S2, S3

iref)

Proportional Integral Controller

-Three-Stage Cascaded Boost Converter

RVin Vo

+

L1 D1

C1
_

S2

L2 D2

C2S1

iL1

S3

D3

C3

L3

iL3

+
_

Vo
Vref

V
Kpv+

Kiv____
s

Current 
Weighting 
Technique

iref

+_

+
_ iref1

iref3

I1

I3

Kpi1+
Kii1____
s

Kpi2+
Kii2____
s

PWM 
Generation1

PWM 
Generation2

Switching 
Signal 
S1&S2

Switching 
Signal S3

iL1

iL3

D12

D3

Voltage loop

Current loop 1

Current loop 2

VO Vref
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Kpv, Kiv) iref

Current weighting 

technique) 

iref1, iref3

iL1 iL3

Kpi1, Kii1, Kpi2, Kii2

Triangular Signal) 

iref1 iL1 S1, 

S2 iref3 iL3

S3

PI Voltage Loop)
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Kpv, Kiv)

Damping ratio)

rad/s 

PI Current Loop)
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Kpi+
Kii____
s

1_____
Ls

PlantPI controller

+_
Vin(s)I(s)Iref (s) IL (s)

+
_

VO(s)

-

Kpi, Kii) 

. .

rad/s N

2

4.23) 4.24) 
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23

4

4.4

4

3
2

2

2 ni
pi

C

L
K

v

3 Current Weighting Technique)

iref
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Current weighting 

technique) iref1, 

iref3) 4.

2

4.2

iref X1, X3) 

iref1 iref3 4.2 ) 4.2 ) 

4.27) 4.28) 

5

6

7

8

5

D1 S1 0.6

D2 S2 0.6

D3 S3 0.6785
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5

iL1 5 A

iL2 2 A

iL3 0.8 A

vC1 50 V

vC2 125 V

vC3 400 V

3 3.2 3.3 

4.5

4.6

4. 4.

6

0.9 100

2.083 208.33

0.005 1.27

0.0065 292.97

0.85 0.42

0.15 97.22
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 VO  vC3

 Vref V s

 iref

 iref 

Kpv Kiv

Kpv, Kiv) 

Kiv

 iref Kiv

 

 

 

Vin

Vref R  

 Vin

 VO  vC3  Vref

s  Vin

 vC3  Vref

s  iL3  
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2  vC1, vC2, vC3  

 

 iL1, iL2, iL3  



86
 

Vref =400V Vref =300V Vref =500V
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2

 Vref 400V, 300V 500V 0s, 5s 10s

 Vin  20V  R  

4

 VO  vC3  Vref 

3s  vC3  iL1, iL2  iL3 

 Vref 

V  iref  

 iL1, iL2 iL3  Vref

 miL1  mref

0s 5s 10s 15s  miL1

mref  

 R , s, s s  

Vin V Vref V

 R  vC3  R  vC3

 VO

 vC3  Vref

 R W W 

 vC3  R

W W 
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3  vC1, vC2, vC3  

 

3  iL1, iL2, iL3  
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 VO  vC3  Vref 

Kpv, Kiv) 

Kiv  

 

4.5  
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5.1  

 

 

5.2  

Continuous conduction mode: CCM) 
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vC1, vC2, vC3 iL1, iL2, iL3

miL1 D  

1  

 

Vin Vref

R

 

 Vin V, V 

V s, s s  Vref V  R
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vC1, vC2, vC3

iL1, iL2, iL3

VO  Vref V miL1

miL1 A/s A/s D

 VO V  Vref  Vin

V 5s Vin 20V 15V  vC3 

 Vref  iL1 miL1 mref

 iL1 A W s 

Vin V V  VO

 Vref  iL1 A A W

 
Vin =20V Vin =15V Vin =25V
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Vin =15VVin =20V

 

V V 

5 

V V vC3  iL1 miL1

A/s A/s A/s  

D  VO  Vref V  

Vin V V 
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Vin =25VVin =15V

 

V V 

V

V s vC3  iL1

miL1 A/s  miL1 A/s 

A/s  D  VO

V  Vref  Vin V V 

2  Vref 400V, 300V 

500V 0s, 5s 10s  Vin  20V  R

vC1, vC2, vC3 iL1, iL2, iL3

 VO  Vref

 D ,  
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97
 

 

V V 

5 Vref 

 vC3 V

Vref iL1  A  miL1 A/s A/s  D
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V V 

 Vref s

vC3  iL1

V A

miL1 D A/s A/s  

 R , 

s, s s  Vin V Vref V 

vC1, vC2, vC3

iL1, iL2, iL3  R

VO V  

R W, 
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W W  Vin iL1

R  iL1 A, A A  

 

 

 R

s s  

R  vC3  iL1  miL1

A/s A/s  D

 VO  Vref V  Vin V  
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101
 

R =2400 R =1200

 

 

 
 

 

 Vref V, R Vin V 

Healthy mode) 

 VO  Vref 400V 
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vC1, vC2, vC3 iL1, iL2, iL3

Faulty mode) 

 S1, S2  S3  

S1

vC1, vC2, vC3

iL1, iL2, iL3 miL1  D

VO  Vref 400 V  

 

S  



103
 

 

S  

 S1

iL1

A A ms  miL1

A/s vC1, vC2  vC3  

D  iL1  miL1  

S1

 

S2

 VO  Vref  

vC1  vC2 V 
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iL2  iL3

A miL1

A/s A/s  D

 VO  Vref V 

 

S  
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S  

 S2

 vC3 iL1

 miL1  

D  miL1  D

S2  

S3

 VO vC  vC2

V V  vC3

 Vref s
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iL1  iL2

 iL3 A s

 miL1 s

 D

 VO  Vref

V 

 

S  
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Healthy mode Faulty mode

 

S  

 S3

vC3  iL1

miL1  D

 vC3 S3

 

 iL1 VO
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D

 

 

  

S1 iL1) 

S2 
iL1)

D) 

S3 vC3) 

 

 

 

5.3  

 iL1 vC3  D

Fault detection strategy) 

 Fault identification
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FSW1, FSW2, FSW3

Healthy mode) FSWn

= 0 Faulty mode) 

FSWn = 1

Fuzzy logic) 

3 1 S

S1

iL1 miL1

S1 5.18
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  Slope Calculation   miL1

Input iL1

  Normalization            ,            iL1____
 iFL1

START

 miL1_____
 mFS1

Defuzzification

                  Z                   P                 N

                 PM

                PS

Z
2

1

Yes

Yes

Yes

                 PLZ
3 Yes

 P 

                 PM

                PS

Z
5

4

Yes

Yes

Yes

                 PLZ
6 Yes

P

                 PM

                PS

Z
8

7

Yes

Yes

                 PLN
9 Yes

Z

Yes

 miL1_____
 mFS1

 miL1_____
 mFS1

 miL1_____
 mFS1

 iL1___
 iFS1

 iL1___
 iFS1

 iL1___
 iFS1

 iL1___
 iFS1

 iL1___
 iFS1

 iL1___
 iFS1

 iL1___
 iFS1

 iL1___
 iFS1

 iL1___
 iFS1

FSW1 = 1

FSW1 = 0

Yes

No

END

Output FD1 

Fuzzy Detection Process

Fuzzy Output and 
Fault Status Operation for S1   

Fuzzy Inputs

 FD1 > 0.8

 

8 S1 

 

S1

S1 miL1  

 iL1 

 S mFS1 L1 iFS1)  
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9 S1

S

iL1 miL1

miL1 Normalization mFS1

S1

20 S1

3 

Healthy mode) vC1

1 3 2 ) mFS1

5.1)

F : Vin + vL1 + vC1 = 0

5 1

iL1 iFS1 iFS1

3 
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5 2

mFS1 iFS1 , A/s A

S1 miL1 iL1

Normalization) 

2 miL1/mFS1

2 iL1 iFS1

2 1 (FD1)
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 miL1/mFS1 3 Negative: N  Zero: 

Z  Positive: P   iL1 iFS1 3 

Positive Small: PS  Positive Medium: PM  Positive Large: PL  

S1  S1 (FD1) 

3 Negative: N  Zero: Z  

Positive: P  5.2  Sugeno (Sugeno fuzzy 

inference) 

miL1/mFS1 iL1 iFS1 FD1

5  

1st IF   miL1/mFS1 = N   AND   iL1 iFS1 = PS     THEN   FD1 = P 

2nd IF   miL1/mFS1 = N   AND   iL1 iFS1 = PM    THEN   FD1 = Z 

3rd IF   miL1/mFS1 = N   AND   iL1 iFS1 = PL     THEN   FD1 = Z 

4th IF   miL1/mFS1 = Z   AND   iL1 iFS1 = PS     THEN   FD1 = P 

5th IF   miL1/mFS1 = Z   AND   iL1 iFS1 = PM    THEN   FD1 = Z 
th IF   miL1/mFS1 = Z   AND   iL1 iFS1 = PL     THEN   FD1 = Z 
th IF   miL1/mFS1 = P   AND   iL1 iFS1 = PS     THEN   FD1 = Z 
th IF   miL1/mFS1 = P   AND   iL1 iFS1 = PM    THEN   FD1 = Z 
th IF   miL1/mFS1 = P   AND   iL1 iFS1 = PL     THEN   FD1 = N 

5 2  

           miL1/mFS1 

   iL1 iFS1 
N Z P 

PS P P Z 

PM Z Z Z 

PL Z Z N 
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1

FD1 1 1 FD1

FD1

FD1 0.8 FD1 0.8

 FD1 0.8

5.18 

S1 

S1

.2 S1  

miL1/mFS1 miL1/mFS1 N)  miL

 mFS1  iL1

 

1) iL1 iFS1 PS iL1

iFS1

FD1  (P) 

S1 

2) iL1 iFS1 PM iL1

iFS1

FD1  (Z) 

 

3) iL1 iFS1 PM iL1

iFS1

FD1  (Z)  

miL1/mFS1 miL1/mFS1 Z)  miL

 mFS1  iL1
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4) iL1 iFS1 PS iL1

iFS1

FD1  (P) 

S1 

5) iL1 iFS1 PM iL1

iFS1

FD1  (Z) 

 

6) iL1 iFS1 PM iL1

iFS1

FD1  (Z)  

miL1/mFS1 miL1/mFS1 Z)  miL

 mFS1  iL1

 

7) iL1 iFS1 PS iL1

iFS1

FD1  (P)  

8) iL1 iFS1 PM iL1

iFS1

FD1  (Z) 

 

9) iL1 iFS1 PM iL1

iFS1

FD1  (Z)  

3 2  S2  

S2 

D  miL1 

S2 S2 5.24

 S2 (FD2)  S2 
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(FD2,n-1) 2 ( FD2)

 

  Slope Calculation   miL1

Input D,  IL1

  Normalization                   

START

Defuzzification

     Ddif  Z      Ddif   P    Ddif   N

                PM

                   PS

NS
2

1

Yes

Yes

Yes

                   PLZ
3 Yes

Z

                PM

                   PS

NS
5

4
Yes

Yes

Yes

                   PLZ
6 Yes

Z

                PM

                   PS

Z
8

7

Yes

Yes

                   PLP
9 Yes

P

Yes

Fuzzy Detection Process

Fuzzy Output and 
Fault Status Operation for S2   

Fuzzy Inputs

_____miL1
 mFS2

The Change of Duty Cycle Calculation  Ddif = D - Dref

____miL1
 mFS2

____miL1
 mFS2

____miL1
 mFS2

____miL1
 mFS2

____miL1
 mFS2

____miL1
 mFS2

____miL1
 mFS2

____miL1
 mFS2

____miL1
 mFS2

FSW2 = 1

FSW2 = 0

Yes

No
             > 1

Fault Detection Summation  FD2,n = FD2,n-1 + FD2,n

FD2

FLD2

_____

FD2
FLD2

_____

END

Output FD2

 

24 S2 

S2

S2 
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Ddif) miL1

S mFS

Ddif 5.3) Dref

3 Healthy mode) VO Vref Vin

20V 3.2 ) 

Dref 5.4)

25 S2

5 3

5

iL1 miL1

miL1 Normalization mFS

miL A/s A/s mFS2

mref ) 

mFS2 5.5)

5
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Vref V

Dref mFS2 

A/s

S2 Ddif 

miL1 Normalization)  

 

 

26 Ddif 

 

27  miL1/mFS2 

Ddif  miL1/mFS2 3 Negative: N  

Zero: Z  Positive: P  S2

2 ( FD2) 

3 Negative Small: NS  Zero: Z  Positive: P  

5.2  Sugeno (Sugeno fuzzy inference) 

 

2 S2 ( FD2) 
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FD2

 Negative Small Positive

 S2

S2 

Ddif miL1/mFS2 FD2

5  

1st  Ddif  = N   AND   miL1/mFS2 = N THEN   FD2 = Z 

2nd  Ddif  = N   AND   miL1/mFS2 = Z THEN    FD2 = NS 

3rd Ddif  = N   AND   miL1/mFS2 = P THEN    FD2 = Z 

4th  Ddif  = Z   AND   miL1/mFS2 = N THEN    FD2 = Z 

5th  Ddif  = Z   AND   miL1/mFS2 = Z THEN   FD2 = NS 
th  Ddif  = Z   AND   miL1/mFS2 = P THEN   FD2 = Z 
th  Ddif  = P   AND   miL1/mFS2 = N THEN   FD2 = P 
th  Ddif  = P   AND   miL1/mFS2 = Z THEN   FD2 = Z 
th Ddif  = P   AND   miL1/mFS2 = P THEN   FD2 = P 

5 3 2 

              Ddif 

  miL1/mFS2 
N Z P 

N Z Z P 

Z NS NS Z 

P Z Z P 

 

 FD2 FD2

FD2

S2
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S

S  

Ddif Ddif N)  Ddif

 miL1

 

1) miL1/mFS2 P miL1

mFS2

FD2  (Z) 

 

2) miL1/mFS2 Z miL1

mFS2 mFS2

FD2 (NS) 

 

3) miL1/mFS2 P miL1

mFS2 FD2 

 (Z)  

Ddif Ddif Z)  Ddif

 miL1

 

4) miL1/mFS2 P miL1

mFS2

FD2  (Z) 

 

5) miL1/mFS2 Z miL1

mFS2 mFS2

FD2 (NS) 
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6) miL1/mFS2 P miL1

mFS2 FD2

(Z) 

Ddif Ddif Z) Ddif

miL1

7) miL1/mFS2 P miL1

mFS2

FD2 (P) 

S

8) miL1/mFS2 Z miL1

mFS2 mFS2

FD2 (NS) 

9) miL1/mFS2 P miL1

mFS2 FD2

(P) S

S2

FWS2 S2 FSW2 1

S2 S1

Vin miL1 

mFS2 mFS2

S2 7 9 FD2 P

FD2 S2

S2 (FD2) 5.6)

5
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FD2

FD

S2 FLD2

FLD2

 FSW2  1  FD2  FLD2  

3  S  

Input vC3 

START

Defuzzification

               PM                 PL                PS

                PM

                   PS

NS
2

1

Yes

Yes

Yes

                   PLNS
3 Yes

NS

                PM

                   PS

P
5

4
Yes

Yes

Yes

                   PLZ
6 Yes

Z

                PM

                   PS

NS
8

7

Yes

Yes

                   PLNS
9 Yes

NS

Yes

Fuzzy Detection Process

Fuzzy Output and 
Fault Status Operation for S2   

Fuzzy Inputs

FSW3 = 1

FSW3 = 0

Yes

No
             > 1

Fault Detection Summation  FD3,n = FD3,n-1 + FD3,n

FD3
FLD3

_____

END

Output FD3

  Normalization              ,         

   1st Derivative
   2nd Derivative

vC3

vC3

vC3
vC3,ref

vC3
vC3,ref

___

vC3
vC3,ref

___ vC3
vC3,ref

___ vC3
vC3,ref

___

vC3
vC3,ref

vC3
vC3,ref

vC3
vC3,ref

vC3
vC3,ref

vC3
vC3,ref

vC3
vC3,ref

vC3
vC3,ref

vC3
vC3,ref

vC3
vC3,ref

FD3
FLD3

_____

 

S  
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S3

vC3

S S 5.2

S (FD ) S

(FD ,n-1) ( FD )

vC3 S3

R iL3 A 

S3 RC 30

vC S3

30 S3

5

S3 RC C3

R 5.3 S3 5 

vC3 R RC

.2 vC3 Vref

vC3 5 5.02
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S RC 

 

S

RC 
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5.3

S3 RC vC3

vC RC 400V 

R vC3 vC

500V/s vC3 vC 625V/s2

vC3

S3

S3

S3 vC3 vC3

vC3 C3,ref)

vC3 C3,ref) vC3

vC3

33 S

S

vC3 vC3 ( C3)

C3,ref

S RC C3,ref

RC Vref

t = 0 5.8)

5 8
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C3

C3,ref

t = 0s

C3,ref 5. )

5 9

vC3 ( C3)

C3 vC3 ( C3)

C3,ref C3,ref

C3

5 10

C3,ref

C3,ref

C3,ref 5.11)

5 11

C3,ref C3,ref V/s V/s2

S C3 C3

Normalization) 5 3 5.3
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34  C3/ C3,ref 

 

34 v C3/V C3,ref 

C3/ C3,ref  C3/V C,ref 3 

Positive Small: PS  Positive Medium: PM  Positive Large: PL  

3

3 ( FD3) 3 

Negative Small: NS  Zero: Z  Positive: P  5.3  

Sugeno (Sugeno fuzzy inference) 

 

36 S3 ( FD3) 

S

S
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FD3  (Negative Small)

Positive

S  

C3/ C3,ref C3/V C,ref FD3

5 4  

1st  IF C3 C3,ref  = PS  AND  C3/V C3,ref = PS THEN FD3 = N 

2nd  IF C3 C3,ref  = PS  AND  C3/V C3,ref = PM THEN FD3 = N 

3rd  IF C3 C3,ref  = PS  AND  C3/V C3,ref = PL THEN FD3 = N 

4th  IF C3 C3,ref  = PM  AND  C3/V C3,ref = PS THEN FD3 = Z 

5th  IF C3 C3,ref  = PM  AND  C3/V C3,ref = PM THEN FD3 = P 
th  IF C3 C3,ref  = PM  AND  C3/V C3,ref = PL THEN FD3 = Z 
th  IF C3 C3,ref  = PL  AND  C3/V C3,ref = PS THEN FD3 = N 
th  IF C3 C3,ref  = PL  AND  C3/V C3,ref = PM THEN FD3 = N 
th  IF C3 C3,ref  = PL  AND  C3/V C3,ref = PL THEN FD3 = N 

5 4 3 

         C3/ C3,ref 

 C3 C3,ref 
PS PM PL 

PS NS Z NS 

PM NS P NS 

PL NS Z NS 

 

FD

S FD

FD

S

S  
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C3/ C3,ref C3/ C3,ref PS) 

 C3 C3,ref  C3

 

1) C3/ C3,ref PS C3

C3,ref

FD  (NS) 

 

2) C3/ C3,ref PM C3

mFS2

FD  (NS) 

 

3) C3/ C3,ref PL C3

C3,ref

FD  (NS) 

 

C3/ C3,ref C3/ C3,ref PM) 

 C3 C3,ref  

C3

 

4) C3/ C3,ref PS C3

C3,ref

FD   (Z) 

 

5) C3/ C3,ref PM C3

mFS2

FD   (P) 

S  

6) C3/ C3,ref PL C3

C3,ref
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FD (Z) 

C3/ C3,ref C3/ C3,ref PM) 

C3 C3,ref C3

7) C3/ C3,ref PS C3

C3,ref

FD NS) 

8) C3/ C3,ref PM C3

mFS2

FD (NS) 

9) C3/ C3,ref PL C3

C3,ref

FD (NS) 

S3

S2 FWS

S FSW 1

Vin Vref iL3 0A

C3 R

3 5 FD P FD3

S3 S3 (FD3) 

5.12)

5.12
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FD2

FD3

S FLD

FLD

 FSW  1  FD  

FLD  

Fault Status Operation) 

S2  S3 FLD2, FLD ) 

3 

Vin

Vref

R  vC1, vC2, 

vC3 iL1, iL2, iL3 FLD  FLD

FD2 FD3 5. )

5.12)  

1  Vin 20V, 15V, 20V 

25V 0s, 5s, 10s 15s  Vref  R 400V 

5.37 FD2 0, 35, 0 0 

 Vin 20V 15V miL1

2mref 2mref A/s  D

FD2 Positive 

S  FD3 0, 125, 80 500 

5s, 10s 15s iL3 0A

 C3  R

FD Positive 

S3 

FLD  FLD  
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37 FLD2 FLD3  

2  Vref 400V, 300V, 

200V 400V 0s, 5s, 10s 15s 5.38 

 Vref 300V 200V  FD3 460 

 Vref 300V 200V  iL3 0A

FD Positive 

S  FD2  Vref

FD2

FD2 Positive S2

 FLD

S  
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38 FLD2 FLD3  

 R , , 

s, s, s s  Vin  Vref V 

V 

 R  FD2 FD3

FD2 FD3

Positive S2  S3  
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39 FLD2 FLD3  

FLD2, FLD

S2  S3

FD FD Positive

FD FD

FLD2  FLD
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 iL1 vC3  D 

Fault detection strategy) 

 Normalization) 

, 

FLD2, FLD3  

5 5  

 
    

S1 S  
mFS1 ,  A/s 

L  iFS1  A 

S2 

 Dref   

 S  
mFS2  A/s 

S  FLD2 50  

S3 

 vC3 C3,ref 500 V/s 

 vC3 C3,ref 625 V/s2 

S  FLD3 600  

 

5.4  

MATLAB SIMULINK
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3 4 3 

4 1

S1, S2 S3

5.40

- RVin Vo

+

L1 D1

C1
_

S2

L2 D2

C2S1

iL1

S3

D3

C3

L3

+
_

Vo

VVref V
Normalization

iL1 Slope 
Calculation

miL1

Normalization

iL1 miL1

Fuzzy 
Process

V Vref/

miL1mref/

Switching Signal

Duty Cycle 
Generation

D PWM 
Generation

D

FC Inputs FC Process FC Output

Fuzzy 
Process

iL1

Vo

Vref

D

FSW3

FSW2

FSW1

Proposed Fault Detection Strategy

40
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S1, S2 

S3 5.41, 5.42 5.43 

 

S1

vC1, vC2  vC3  iL1, iL2  iL3 A 

S1  iL1  miL1

 iL1 A A  miL1

A/s 

ms 

S  VO

 Vref V miL1

 D

 

Positive S2 

s ms 

S

 vC3  R vC3

vC3 5 

ms 
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Healthy mode Faulty mode

Healthy mode Faulty mode

Zoom

0.03ms

 

5 41 S  
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Healthy mode Faulty mode

Healthy mode Faulty mode

Zoom

1ms

 

5 42 S2 
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Healthy mode Faulty mode

Healthy mode Faulty mode

Zoom

5.4ms

 

5 43 S3 
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4 2  

 

 

1  Vin 20V 25V 

5  Vref  R 400V 5.44 

 Vin  vC1, vC2  vC3

 VO  Vref 400V  iL1  iL2 

100W 

2.3s 10 

S1, S2 S3 5.44 ,

S1, S2 S3 0.024ms, 9.239ms 0.978ms 

 Vin  

 Vin V V 

 Vref  R V 

 Vin vC1, vC2  vC3

 VO  Vref V  iL1  

iL2 s

S1, S2 S3 

ms, ms ms 

 Vin  

 Vref V 

V  Vin  R V 
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S1, S2 S3  

vC1, vC2  vC3  iL1, iL2  iL3

 VO V V 

s

S1, S2 S3 

ms, ms ms 

 Vref  

 R

 Vin  Vref V V 

 R vC1, vC2  vC3

W W 

 VO  Vref V  iL1, iL2  iL3

s

S1, S2 S3 5.4  ,

ms, ms ms 

 R  

 R 

 Vin  Vref V V 

 R W W 

vC1, vC2  vC3

 VO  Vref V  iL1, iL2  iL3

s

S1, S2 S3 

ms, ms ms 
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 R  
Faulty modeVin =20V Vin =25V

Healthy mode Faulty modeHealthy mode Faulty modeHealthy mode Faulty mode

Healthy mode Faulty mode Healthy mode Faulty mode Healthy mode Faulty mode

Healthy mode

ZoomZoomZoom

( ) ( ) ( )

0.024ms 9.239ms 0.978ms

 

5 44  
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Faulty modeVin =20V Vin =15VHealthy mode

Healthy mode Faulty modeHealthy modeHealthy mode

Healthy mode Faulty mode Healthy mode Faulty mode Healthy mode Faulty mode
ZoomZoomZoom

( ) ( ) ( )

0.068ms 7.5ms 2.642ms

Faulty modeFaulty mode

 

5 45  



145
 

Faulty modeVref =400V Vref =200V

Healthy mode Faulty modeHealthy modeHealthy mode

Healthy mode Faulty mode Healthy mode Faulty mode Healthy mode Faulty mode

Healthy mode

Faulty mode

ZoomZoomZoom

( ) ( ) ( )

0.083ms 14.995ms 2.651ms

Faulty mode

 

5 46  
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Faulty mode

Healthy mode Faulty modeHealthy mode Faulty modeHealthy mode Faulty mode

Healthy mode Faulty mode Healthy mode Faulty mode Healthy mode Faulty mode

R =1600 R =2400Healthy mode

ZoomZoomZoom

( ) ( ) ( )

0.031ms 7.5ms 1.696ms

 

5 47  
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5 48  
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5  

  
ms  

S  S  S  

 Vin V V 0.024 9.239 0978 

 Vin V V 0.068 7.5 2.642 

 Vref V V 0.083 14.995 2.651 

 R  0.031 7.5 1.696 

 R  0.03 4.559 1.043 

 

4 3  

 

(SS1, SS2, SS3)  (Redundant switch 

activation)

Heathy mode) 

Faulty mode) Fault tolerant mode)  



149

5 49

1 

S1 5.50 

5.51 

5 

Vin 20V VO 400V 5 

S1

FSW1 0 1 

0.03ms 

S1 SS1

SS1 S1 VO
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5 50 S1
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5 51 S  
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2 

S2 5.52 

5.53 

5 S2

FSW2

0 1 5.4ms 

S2 SS2

VO

iL2 iL3

Vref

5 52 S
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Healthy mode Fault-Tolerant mode

Healthy mode Fault-Tolerant modeFaulty modeZoom

5.4ms

 

5 53 S2  
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3

S3 54

5 

S3

FSW3 

1ms 

S3 SS3

VO

iL2 iL3

Vref

5 54 S



155
 

Healthy mode Fault-Tolerant mode

Healthy mode Fault-Tolerant modeFaulty modeZoom

1ms

 

5 55 S3  
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S1, S2 S3

SS , SS , SS  

 

 

5.5  
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 DSP eZdspTMF28335 

 

6.2  

 

 

DSP eZdspTMF
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1
2

3

5
4

1. 

2. 

DSP eZdsp
TM

F28335

3. 

4. 

5. 
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6.3

A

3

(Variac)

Vrms A

4

GBPC35 V

5A GBPC35
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GBPC  

V  

 

 

6.4  

V V
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IXFK N P

V A

 

 

8  IXFK80N60P3 

mH A  2 8.75mH

1 A  2 mH 1 A
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V  

 

 

 RURP A 

V (Ultrafast Diode)

(Reverse recovery time) ns

 RURP  



164
 

 

 

A A 

100W 400V

 

 

 

 

 

     

 
S1, S2, S3, 

SS1, SS2, SS3 
IXFK80N660P3  A, 600V 

 L1  15mH 25A, 200V 
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L2 18.75mH 15A, 400V

L3 70mH 10A, 400V

C1, C2, C3 560 450V

D1, D2, D3 RURP3060 30A, 600V

R 100W

6.5

(VO)

(iL1) 

DSP eZdspTMF

3 

HX15P 

iL1

iL1 A 
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HX15P A

 

 

4  

(Iin,sensor) 

 (VO,sensor)  V V

Iin,sensor

VO,sensor  

 

Iin,sensor(A) VO,sensor(V) 

        

0.000 0.000 0.000 0.000 0.039 0.038 0.040 0.039 

0.120 0.114 0.112 0.115 0.009 0.009 0.008 0.009 

0.212 0.241 0.216 0.223 0.018 0.021 0.019 0.019 

0.340 0.336 0.323 0.333 0.049 0.049 0.047 0.049 

0.454 0.450 0.419 0.441 0.079 0.078 0.073 0.077 

0.527 0.576 0.544 0.549 0.101 0.110 0.104 0.105 

0.657 0.618 0.696 0.657 0.134 0.126 0.142 0.134 

0.785 0.762 0.762 0.770 0.168 0.163 0.163 0.164 

0.816 0.887 0.958 0.887 0.179 0.195 0.210 0.195 

1.156 1.145 1.134 1.145 0.268 0.265 0.262 0.265 
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Iin,sensor (A) VO,sensor (V)

1.194 1.295 1.282 1.257 0.280 0.304 0.301 0.295

1.455 1.263 1.400 1.373 0.345 0.299 0.332 0.325

1.696 1.680 1.565 1.647 0.410 0.406 0.378 0.398

1.828 1.999 1.885 1.904 0.448 0.490 0.462 0.467

2.067 1.943 2.191 2.067 0.509 0.479 0.540 0.509

2.225 2.139 2.053 2.139 0.550 0.529 0.508 0.529

2.099 2.386 2.143 2.209 0.521 0.592 0.531 0.548

2.246 2.111 2.381 2.246 0.558 0.525 0.592 0.558

2.351 2.282 2.282 2.305 0.585 0.568 0.568 0.573

2.214 2.406 2.598 2.406 0.551 0.599 0.646 0.599

2.525 2.500 2.475 2.500 0.628 0.622 0.616 0.622

2.486 2.668 2.616 2.590 0.620 0.665 0.652 0.646

2.860 2.482 2.752 2.698 0.714 0.620 0.687 0.674

(Iin,sensor) (VO,sensor) 

(6.1)

5 

y = 0.2654x - 0.0396

-0.2

0

0.2

0.4

0.6

0.8

0 0.5 1 1.5 2 2.5 3

Current input (A)

Current sensor calibration
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6 1

LV P

V V

V V

6 

Rs

mA V Rs

6 2

Rm 25mA

Vm V DSP 

Rm
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6 3

7

Vin,sensor Vm

Vin,sensor 0V 220V

Vm

Vin,sensor (V) Vm (V)

5.378 5.119 5.016 5.171 0.029 0.028 0.027 0.028

9.899 11.254 10.107 10.420 0.056 0.064 0.058 0.059

15.351 15.201 14.599 15.050 0.089 0.088 0.084 0.087

20.624 20.018 20.018 20.220 0.120 0.117 0.117 0.118

27.526 29.920 32.314 29.920 0.162 0.176 0.190 0.176

40.905 40.500 40.095 40.500 0.241 0.239 0.237 0.239

51.965 49.466 48.467 49.966 0.308 0.293 0.287 0.296

57.171 64.994 58.375 60.180 0.339 0.385 0.346 0.357

71.400 70.700 67.900 70.000 0.424 0.420 0.403 0.416

81.608 80.800 79.992 80.800 0.486 0.481 0.476 0.481

85.690 92.906 92.004 90.200 0.510 0.553 0.548 0.537

99.500 93.530 105.470 99.500 0.593 0.557 0.628 0.593
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Vin,sensor (V) Vm (V)

112.914 109.593 109.593 110.700 0.672 0.652 0.652 0.659

110.860 120.500 130.140 120.500 0.659 0.716 0.773 0.716

130.997 129.700 128.403 129.700 0.780 0.772 0.764 0.772

132.715 143.891 142.494 139.700 0.791 0.858 0.850 0.833

158.470 137.540 152.490 149.500 0.944 0.820 0.909 0.891

160.994 159.400 157.806 159.400 0.960 0.950 0.941 0.950

161.500 175.100 173.400 170.000 0.962 1.043 1.033 1.013

191.330 166.060 184.110 180.500 1.141 0.990 1.098 1.076

180.500 205.200 184.300 190.000 1.076 1.224 1.099 1.133

199.500 187.530 211.470 199.500 1.190 1.119 1.261 1.190

214.710 208.395 208.395 210.500 1.281 1.243 1.243 1.256

209.570 227.218 225.012 220.600 1.250 1.355 1.342 1.316

8 

y = 0.006x - 0.0029

0

0.5

1

1.5

0 50 100 150 200 250
Voltage input (V)

Voltage sensor calibration
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3

(Vin,sensor) (Vm) 

Vin,sensor Vm (6. )

6 3

3

V V HX15P

LV P DSP 

eZdspTMF

VO,sensor

Ndigi VO,sensor 0V 

3V Ndigi 4

- RVin Vo

+

L1 D1

C1
_

S2

L2 D2

C2S1

iL1

S3

D3

C3

L3

Switching Signal

+ _

_

Voltage 
sensor

Current sensor

iL1

Vo
Controller and 

Fault Detection Base on
Fuzzy logic FSW1

FSW2

FSW3

Computer

RTDXs
(Real Time Data eXchange)

eZdsp   F28335TM

(Vo,current sensor)

(Vo,voltage sensor)

Vdigi,current sensor

Vdigi,voltage sensor

9
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4  

VO,sensor (V) Ndigi 

        

3.024 2.994 2.964 2.994 4136 4095 4054 4095 

2.864 2.836 2.808 2.836 3933 3894 3855 3894 

2.543 2.757 2.731 2.677 3490 3784 3747 3674 

2.520 2.369 2.671 2.52 3459 3251 3667 3459 

2.454 2.336 2.289 2.36 3370 3208 3143 3240 

2.092 2.378 2.136 2.202 2872 3265 2932 3023 

2.085 2.064 1.983 2.044 2861 2833 2721 2805 

1.903 1.884 1.865 1.884 2611 2585 2559 2585 

1.640 1.778 1.761 1.726 2250 2439 2415 2368 

1.571 1.477 1.665 1.571 2154 2025 2283 2154 

1.442 1.400 1.400 1.414 1979 1921 1921 1940 

1.272 1.259 1.246 1.259 1743 1726 1709 1726 

1.048 1.136 1.125 1.103 1435 1555 1540 1510 

1.005 0.872 0.967 0.948 1374 1192 1322 1296 

0.797 0.789 0.781 0.789 1088 1077 1066 1077 

0.640 0.634 0.628 0.634 874 865 856 865 

0.452 0.490 0.486 0.476 614 665 659 646 

0.320 0.317 0.314 0.317 432 428 424 428 

0.239 0.236 0.227 0.234 320 317 305 314 

0.161 0.159 0.157 0.159 214 212 210 212 

0.074 0.080 0.080 0.078 95 103 102 100 

 

4

VO,sensor Ndigi

VO,sensor Ndigi (6.4) 
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6 4

6.6

DSP V 

V

PC L

1 PC L

y = 1375.9x - 7.5296

0

1000

2000

3000

4000

5000

0 0.5 1 1.5 2 2.5 3
Input voltage (V)

DSP board calibration
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2  

6.7  

 DSP eZdspTMF

Pulse-

width modulation

 

 

  DSP eZdspTMF  
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 DSP eZdspTMF

 

Analog to 

digital converter: ADC  
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START

DSP

CPU Timer, PWM, ADC

ADC

 VO    iL1

PWM 

PWM

FSW1, FSW2, FSW3  

 VO    iL1

ADC

END

-
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6.8 

 

Hardware in the loop) 

MATLAB SIMULINK DSP 

eZdspTMF

MATLAB SIMULINK Code Composer 

Studio v

 RTDX (Real Time Data eXchange) 

MATLAB SIMULINK (Host) Target) 

 

 

MATLAB SIMULINK DSP 

 

 

MATLAB SIMULINK 
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Vin

Vref

R  

 Vin V

V s s  Vref V  R

 Vin  

2  Vref 400V 

00V 0s  s  Vin  20V  R  

 Vref  

 R

s  s  Vin V Vref  V

R  
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Vin =17.5VVin =20V

MATLAB Simulink

MATLAB Simulink
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R =2000R =1600

MATLAB Simulink

MATLAB Simulink

 

 

MATLAB SIMULINK 
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MATLAB SIMULINK 

 

 

 

S1, S2 

S3

,  
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S  
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S  
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Healthy mode
Fault 
mode

Healthy mode Fault mode

 

S  

MATLAB SIMULINK 

MATLAB SIMULINK 

3 

CCStudio 
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 DSP eZdspTMF

 

 

6.9  

DSP eZdspTMF28335

 MATLAB SIMULINK 



1
 

 

 

7.1  

 

 

7.2 

 

 DSP eZdspTMF28335
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DSP 

eZdspTMF28335 V V

V

V

 

 

 

 Vin V R 

Vref V, V V 

VO 

V s iL
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A iL mref

Vref V V

VO iL s

 V A  Vref 300V 

VO 1.2 s 
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V V

V V V
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Vin V VO 

V V s iL

A  Vin V Vin V

iL VO

VO V iL

A Vin V V s iL VO 

iL VO 

s 
OFF Fuzzy controller is ON
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