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Question 1 (Relay protection)

 
Fig. 1  



Consider the circuit at Fig. 1 

Q UN=220 kV; S’’= 8000 MVA; cos(Ø)=0.03; Z1 = Z2; Z0 = 3 * Z1 

T1 220/132 kV; 100 MVA; uk = 10%; er = 0.95% Z0 = 0.8 * Z1; YNyn0 connection 

T2 132/22 kV; 60 MVA; uk = 10%; er = 1 % Z0 = 0.8 * Z1; YNyn0 connection 

T3 Same as T2 

T4 22/6 kV; 15 MVA; uk=8%; er=0.9%; Z0 = 1.1 * Z1; YNd connection 

T5 15 / 132 kV; 60 MVA; uk=9%; er=1.8% Z0 = 0.8 * Z1 at 132 kV side. Δ-YN 
connection (Δ at the 15 kV side) 

G1 15 kV; 60 MVA; xd’’ = 14% 

L1 30 km; Z1 = Z2 = (0.8 + j6.1) Ω/km; Z0 = (1 + j12) Ω/km 

L2 40 km; Z1 = Z2 = (0.004 + j0.045) Ω/km; Z0 = (0.2 + j1.2) Ω/km 

L3 Same as L2 

L4 15 km; Z1 = Z2 = (0.003 + j0.032) Ω/km; Z0 = (0.01 + j0.12) Ω/km 

M1 6 kV; 8 MW; cos(Ø) = 0.9; Is/IN = 5 

 

a) We have a fault at BB2. Set up plus, minus and zero sequence networks. Calculate Z1, Z2 and Z0 
at this point. Calculate I’’k3, I’’k1, IS. 

b) How would you set up I> and I>> for R3 and R6 to have a good discrimination? Assume definite 
time relays. Δt=0.3s and Pick-up/drop-off ratio 0.95. Make a drawing of the currents referred to 
the voltage level of BB2 since you prpbably have calculated the impedances at this level. You can 
later refer the currents to their relevant voltage levels. 

c) How would you deal with inrush currents when connecting T2 and T3? What should you consider 
when setting up R2 and R3? 

d) What kind of relay should you use at R4 and R5? 
e) If you want that the relays should disconnect the transformers without time delay in case the 

fault is inside the transformers, what kind of relay can you use in addition to the overcurrent 
relays? 

 



Question 2 

 

Fig. 2 

On Fig.2, you see a high voltage system. We have four busbars BB1 - BB4, two infeed Q1 - Q2, 
one generator G1 and a load connected to BB3. 

R1, R2, R3, R4 are overcurrent relays. All other relays are distance relays. 

The values are: 

Line Length, impedance (all lines have same impedance per km) 

L12 200 km, Z=0.03+j0.42 Ω/km 

L23 150 km, Z=0.03+j0.42 Ω/km 

L34 300 km, Z=0.03+j0.42 Ω/km 

L41 200 km, Z=0.03+j0.42 Ω/km 

 

a) We have a fault on L12, 30 km. from BB1. Make a table of how each distance relay will 
pick up the fault (Z1, Z2 or Z3) and how they will react. Which relays will trip, when and 
which relays will reset. 

b) How would the relays react if R12is out of order? Take also into consideration the 
overcurrent relays. 

c) It is desirable that the relays R12 and R21 react as quickly as possible (assume both are 
working properly). How would you set up a PUTT scheme? 



 



Question 1 (Relay protection)

 
Fig. 1  



Consider the circuit at Fig. 1 

Q UN=220 kV; S’’= 8300 MVA; cos(Ø)=0.035; Z1 = Z2; Z0 = 3 * Z1 

T1 220/132 kV; 100 MVA; uk = 11%; er = 0.95% Z0 = 0.9 * Z1; YNyn0 connection 

T2 132/22 kV; 60 MVA; uk = 10%; er = 1 % Z0 = 0.8 * Z1; YNyn0 connection 

T3 Same as T2 

T4 22/6 kV; 20 MVA; uk=8%; er=0.9%; Z0 = 1.1 * Z1; YNd connection 

T5 15 / 132 kV; 50 MVA; uk=10%; er=1.8% Z0 = 0.8 * Z1 at 132 kV side. Δ-YN 
connection (Δ at the 15 kV side) 

G1 15 kV; 50 MVA; xd’’ = 14% 

L1 35 km; Z1 = Z2 = (0.8 + j6.5) Ω/km; Z0 = (1 + j12) Ω/km 

L2 40 km; Z1 = Z2 = (0.0045 + j0.04) Ω/km; Z0 = (0.2 + j1.2) Ω/km 

L3 Same as L2 

L4 15 km; Z1 = Z2 = (0.003 + j0.032) Ω/km; Z0 = (0.01 + j0.12) Ω/km 

M1 6 kV; 8 MW; cos(Ø) = 0.9; Is/IN = 5 

 

a) We have a fault at BB2. Set up plus, minus and zero sequence networks. Calculate Z1, Z2 and Z0 
at this point. Calculate I’’k3, I’’k1, IS. 

b) How would you set up I> and I>> for R3 and R6 to have a good discrimination? Assume definite 
time relays. Δt=0.3s and Pick-up/drop-off ratio 0.95. Make a drawing of the currents referred to 
the voltage level of BB2 since you prpbably have calculated the impedances at this level. You can 
later refer the currents to their relevant voltage levels. 

c) How would you deal with inrush currents when connecting T2 and T3? What should you consider 
when setting up R2 and R3? 

d) What kind of relay should you use at R4 and R5? 
e) If you want that the relays should disconnect the transformers without time delay in case the 

fault is inside the transformers, what kind of relay can you use in addition to the overcurrent 
relays? 

 



Question 2 

 

Fig. 2 

On Fig.2, you see a high voltage system. We have four busbars BB1 - BB4, two infeed Q1 - Q2, 
one generator G1 and a load connected to BB3. 

R1, R2, R3, R4 are overcurrent relays. All other relays are distance relays. 

The values are: 

Line Length, impedance (all lines have same impedance per km) 

L12 200 km, Z=0.03+j0.42 Ω/km 

L23 150 km, Z=0.03+j0.42 Ω/km 

L34 300 km, Z=0.03+j0.42 Ω/km 

L41 200 km, Z=0.03+j0.42 Ω/km 

 

a) We have a fault on L41, 30 km. from BB4. Make a table of how each distance relay will 
pick up the fault (Z1, Z2 or Z3) and how they will react. Which relays will trip, when and 
which relays will reset. 

b) How would the relays react if R41is out of order? Take also into consideration the 
overcurrent relays. 

c) It is desirable that the relays R14 and R41 react as quickly as possible (assume both are 
working properly). How would you set up a POTT scheme? 



 



Power Electronics, December 2020 

Exercise 3.1. For a single-phase single-pulse thyristor rectifier with resistive load (R=15 Ohms), 
shown in Fig. 3.1, fed from an AC source with the voltage ( ) 220 sin(314 )sv t t= ⋅ ⋅ .  

 

Fig. 3.1. Single-phase single-pulse thyristor rectifier 

 

a) Explain when the average output voltage becomes maximum and when the RMS output 
voltage becomes zero.  

b) Assuming that the average output voltage is 70% of the maximum possible output 
voltage, calculate the firing angle (delay angle) and the efficiency of rectification ratio.  

c) Replace the single-pulse thyristor rectifier with a full-bridge thyristor rectifier and 
calculate the efficiency of rectification for this case/topology in the same conditions.  

d) Replacing the resistive load with a DC motor represented by an equivalent circuit (Fig. 3.2) 
and considering the load current constant and ripple-free, draw the output voltage and 
the input current (Is), indicating in the sketch when the thyristors are in conduction.  



 

Fig. 3.2. The equivalent circuit of a DC motor. 

 

e) For the previous case, assuming that the speed is 1000 rpm, the armature resistance Ra=2 
Ohms, the induced/back emf voltage of the motor E=80 V and the armature current is 
kept constant at Ia=10 A, find the firing angle for this case and for the case when the 
speed is 500 rpm.  

 

  



 

Exercise 4.1. A Hybrid Electric Vehicle (HEV) required a 20 kW half-bridge bidirectional converter 
(Fig. 4.1) to generate a 500 V from 200 V battery at a switching frequency fs=10 kHz.  

 

Fig. 4.1. DC machine drives by a half-bridge bidirectional converter. 

 

a) Assuming that the electrical machine of HEV is working as generator to charge the low-
voltage battery from the high-voltage DC-link, explain how the half-bridge converter 
works in this case and redraw the circuit such that to highlight the DC-DC converter type 
used for this case. 

b) For the DC-DC converter type, compatible with the generating operation mode, 
determine the components (L and CLV) considering the inductor current ripple (28%) and 
the voltage ripple (0.5 %), assuming ideal components and ignoring the power loss. 
Assume that the converter is working in continuous conduction mode (CCM) and the 
converter sees the battery as a load (20 kW, 200 V). 

c) Calculate the input current and the minimum and maximum inductor current for CCM 
d) Determine the power level at which the converter enters BCM (at the boundary between 

CCM and DCM) 
e) As the load current and power is reduced, the converter works now in DCM 

(discontinuous conduction mode) for the given voltage conditions (Vemf=500 V, 
Vbattery=200 V). Calculate the input and output currents and the inductor ripple current 
assuming the load power 2 kW for this case.  

 



Power Electronics, December 2020 

Exercise 3.2. For a single-phase single-pulse thyristor rectifier with resistive load (R=5 Ohms), 
shown in Fig. 3.1, fed from an AC source with the voltage ( ) 220 sin(314 )sv t t= ⋅ ⋅ .  

 

Fig. 3.1. Single-phase single-pulse thyristor rectifier 

 

a) Explain when the average output voltage becomes maximum and when the RMS output 
voltage becomes zero.  

b) Assuming that the average output voltage is 80% of the maximum possible output 
voltage, calculate the firing angle (delay angle) and the efficiency of rectification ratio.  

c) Replace the single-pulse thyristor rectifier with a full-bridge thyristor rectifier and 
calculate the efficiency of rectification for this case/topology in the same conditions.  

d) Replacing the resistive load with a DC motor represented by an equivalent circuit (Fig. 3.2) 
and considering the load current constant and ripple-free, draw the output voltage and 
the input current (Is), indicating in the sketch when the thyristors are in conduction.  



 

Fig. 3.2. The equivalent circuit of a DC motor. 

 

e) For the previous case, assuming that the speed is 1000 rpm, the armature resistance Ra=2 
Ohms, the induced/back emf voltage of the motor E=80 V and the armature current is 
kept constant at Ia=10 A, find the firing angle for this case and for the case when the 
speed is 500 rpm.  

 

  



 

Exercise 4.2. A Hybrid Electric Vehicle (HEV) required a 20 kW half-bridge bidirectional converter 
(Fig. 4.1) to generate a 500 V from 200 V battery at a switching frequency fs=10 kHz.  

 

Fig. 4.1. DC machine drives by a half-bridge bidirectional converter. 

 

a) Assuming that the DC machine of HEV is working as motor as it enables to discharge the 
low-voltage battery to a higher voltage DC-link, explain how the half-bridge converter 
works in this case and redraw the circuit such that to highlight the DC-DC converter type 
used for this case. 

b) For the DC-DC converter type, compatible with the motoring operation mode, determine 
the components (L and CHV) considering the inductor current ripple (28%) and the voltage 
ripple (0.5 %), assuming ideal components and ignoring the power loss. Assume that the 
converter is working in continuous conduction mode (CCM) and the converter sees the 
motor as a resistive load (20 kW, 500 V). 

c) Calculate the input current and the minimum and maximum inductor current for CCM 
d) Determine the power level at which the converter enters BCM (at the boundary between 

CCM and DCM) 
e) As the load current and power is reduced, the converter works now in DCM 

(discontinuous conduction mode) for the given voltage conditions (Vemf=500 V). 
Calculate the input and output currents and the inductor ripple current assuming the load 
power 2 kW for this case.  
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Power Electronics, December 2020 

Exercise 3.1. For a single-phase single-pulse thyristor rectifier with resistive load (R=15 Ohms), 
shown in Fig. 3.1, fed from an AC source with the voltage ( ) 220 sin(314 )sv t t= ⋅ ⋅ .  

 

Fig. 3.1. Single-phase single-pulse thyristor rectifier 

 

a) Explain when the average output voltage becomes maximum and when the RMS output 
voltage becomes zero.  

The load average voltage: 

max
max

max

1 sin( ) ( ) (1 cos( ))
2 2

_ 0

d

d

VV V t d t

Vwhen V

π

α
α

α

ω ω α
π π

α
π

= ⋅ ⋅ ⋅ = ⋅ +

= ⇒ =

∫
 

The load/output average voltage can be varied from Vmax/pi (when α=0) to zero (when α=π), by 
varying α from zero to π. The average output voltage becomes maximum when α=0.  

The load RMS voltage: 

( )2 max
max

max

1 1 sin(2 )sin( ) ( )
2 2 2

_ 0,
2

_ , 0

RMS

RMS

RMS

VV V t d t

VWhen V

When V

π

α

αω ω π α
π π

α

α π

 = ⋅ ⋅ ⋅ = − +  

= =

= =

∫

 

 



b) Assuming that the average output voltage is 70% of the maximum possible output 
voltage, calculate the firing angle (delay angle) and the efficiency of rectification ratio.  

max
max

1 cos( )0.7 (1 cos( )) 0.7
2 2

cos( ) 0.4 66.42 1.16

d
VV V

rad

α
αα

π
α α

+
= ⋅ = ⋅ + ⇒ =

= ⇒ = ≈
 

max

max

0.7 220 49.020.7 49.02[ ]; 3.268[ ]
15

1 sin(2 ) 95.12[ ]; 6.34[ ]
2 2

26.56%

d
d d

rms
rms rms

dc d d

ac rms rms

VV V V I A
R

V VV V I A
R

P V I
P V I

α

α

π
απ α

π

η

⋅
= ⋅ = = = = =

 = − + = = =  
⋅

= = =
⋅

 

 

c) Replace the single-pulse thyristor rectifier with a full-bridge thyristor rectifier and 
calculate the efficiency of rectification for this case/topology in the same conditions.  

 

 

Single-phase full-bridge thyristor rectifier with resistive load. 

 



max
2 220_ 66.42 : 0.7 0.7 98.04

98.04 6.536
15
220 sin(2 )1 124.06[ ]; 8.27[ ]

22

62.5%

d

d

rms
rms rms

dc d d

ac rms rms

For V V

I

VV V I A
R

P V I
P V I

α

α

α
π

α α
π π

η

⋅
= = ⋅ = ⋅ =

= =

 = − + = = = ⋅ 
⋅

= = =
⋅



 

 

d) Replacing the resistive load with a DC motor represented by an equivalent circuit (Fig. 3.2) 
and considering the load current constant and ripple-free, draw the output voltage and 
the input current (Is), indicating in the sketch when the thyristors are in conduction.  

 

Fig. 3.2. The equivalent circuit of a DC motor. 

 

Since the load is a DC motor, which is a highly inductive load, the load current is considered 
constant. The output voltage and the input current (Is) looks like in the next figure: 

 

 

 



 

 

e) For the previous case, assuming that the speed is 1000 rpm, the armature resistance Ra=2 
Ohms, the induced/back emf voltage of the motor E=80 V and the armature current is 
kept constant at Ia=10 A, find the firing angle for this case and for the case when the 
speed is 500 rpm.  

Since the load is a DC motor, which is a highly inductive load, the load current is considered 
constant and equal with the average value of the load current (Id=Ia), as follows: 

2 220 2 10 80_1000 ( 80 ), cos( ) cos( ) 0.714
140.06

44.44 ` 0.77
2 220 2 10 40_ 500 ( 40 ), / 2 cos( ) cos( ) 0.428

140.06
64.63 ` 1.13

d a a

d a a

At rpm E V V R I E

rad

At rpm E V V R I E

rad

α

α

α α
π

α

α α
π

α

⋅ ⋅ +
= = ⋅ + = ⋅ ⇒ = =

⇒ = =
⋅ ⋅ +

= = ⋅ + = ⋅ ⇒ = =

⇒ = =





 

 

In a DC motor with constant current (Ia=ct), the speed is direct proportional with E. 

1 2

1 2

2;
60

a aE I E I nπω
ω ω
⋅ ⋅ ⋅ ⋅

= =   

  



 

Exercise 4.1. A Hybrid Electric Vehicle (HEV) required a 20 kW half-bridge bidirectional converter 
(Fig. 4.1) to generate a 500 V from 200 V battery at a switching frequency fs=10 kHz.  

 

Fig. 4.1. DC machine drives by a half-bridge bidirectional converter. 

 

a) Assuming that the electrical machine of HEV is working as generator to charge the low-
voltage battery from the high-voltage DC-link, explain how the half-bridge converter 
works in this case and redraw the circuit such that to highlight the DC-DC converter type 
used for this case. 

The buck and boost converters can be integrated together to create a bidirectional half-bridge 
converter. Since the machine is working in this case as generator or regenerative braking, the 
converter works as buck (step-down) converter to enable the low-voltage battery to be charged 
from a high-voltage DC-link/ input DC voltage source. The battery is seen by the converter as a 
load. 

The converter from Fig. 4.1 can be redrawn as in Fig. 4.2 to create a buck converter, since the 
current is flowing in one direction from the generator (higher-voltage source) to the battery 
(lower voltage source). The active switch used in this case is SW1 (for ton state) and the passive 
switch is the Diode 1 (for toff state), from Fig. 4.1.  



 

Fig. 4.2. Buck converter from the half-bridge converter. 

 

b) For the DC-DC converter type, compatible with the generating operation mode, 
determine the components (L and CLV) considering the inductor current ripple (28%) and 
the voltage ripple (0.5 %), assuming ideal components and ignoring the power loss. 
Assume that the converter is working in continuous conduction mode (CCM) and the 
converter sees the battery as a load (20 kW, 200 V). 

 

For a buck converter: 200 0.4
500

o battery

IN

V V
D

V
=

= = =  

The average inductor current: 20000 100[ ]
200

o
L o

o

PI I A
V

= = = =  

The inductor current ripple (peak-peak): 0.28 0.28 100 28[ ]L Li I A∆ = ⋅ = ⋅ =  

The desired inductance: 
( ) (500 200) 0.4 428.5[ ]

10000 28
IN o

s L

V V DL H
f i

µ− ⋅ − ⋅
= = =

⋅∆ ⋅
 

The peak-to-peak value of the output voltage: 0.005 200 1[ ]Cv V∆ = ⋅ =  

The low-voltage filter capacitance: 28 350[ ]
8 8 10000 1

L
LV

s C

iC F
f v

µ∆
= = =

⋅ ⋅∆ ⋅ ⋅
 

 



c) Calculate the input current and the minimum and maximum inductor current for CCM 

The input current: 20000 40[ ]
500

IN
IN

IN

PI A
V

= = =  

The max inductor current: max
28100 114[ ]

2 2
L

L L
ii I A∆

= + = + =  

The minimum inductor current: min
28100 86[ ]

2 2
L

L L
ii I A∆

= − = − =  

 

d) Determine the power level at which the converter enters BCM (at the boundary between 
CCM and DCM) 

At the boundary, we can write: 
14[ ]

2
200 14 2.8[ ]

L
OB LB

B O OB

iI I A

P V I kW

∆
= = =

= ⋅ = ⋅ =
 

(max) (min)28[ ], 0LB LBI A I= =  

e) As the load current and power is reduced, the converter works now in DCM 
(discontinuous conduction mode) for the given voltage conditions (Vemf=500 V, 
Vbattery=200 V). Calculate the input and output currents and the inductor ripple current 
assuming the load power 2 kW for this case.  

 

In DCM the load current is reduced to: ( )
2000 10[ ]
200

O
O DCM

O

PI A
V

= = =  

The duty cycle becomes: 
2 0.338
( )

O
s O

IN IN O

VD f L I
V V V

⋅
= ⋅ ⋅ ⋅ =

⋅ −
 

The inductor current ripple: 
( ) 23.66[ ]IN O

L
s

V V Di A
f L
− ⋅

∆ = =
⋅

 

The input current: 2000 4[ ]
500

IN O
IN

IN

P PI A
V
=

= = =  
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Exercise 3.2. For a single-phase single-pulse thyristor rectifier with resistive load (R=5 Ohms), 
shown in Fig. 3.1, fed from an AC source with the voltage ( ) 220 sin(314 )sv t t= ⋅ ⋅ .  

 

Fig. 3.1. Single-phase single-pulse thyristor rectifier 

 

a) Explain when the average output voltage becomes maximum and when the RMS output 
voltage becomes zero.  

The load/output average voltage: 

max
max

max

1 sin( ) ( ) (1 cos( ))
2 2

_ 0

d

d

VV V t d t

Vwhen V

π

α
α

α

ω ω α
π π

α
π

= ⋅ ⋅ ⋅ = ⋅ +

= ⇒ =

∫
 

The load average voltage can be varied from Vmax/pi (when α=0) to zero (when α=π), by varying 
α from zero to π. The average output voltage becomes maximum when α=0. 

The load RMS voltage: 

( )2 max
max

max

1 1 sin(2 )sin( ) ( )
2 2 2

_ 0,
2

_ , 0

RMS

RMS

RMS

VV V t d t

VWhen V

When V

π

α

αω ω π α
π π

α

α π

 = ⋅ ⋅ ⋅ = − +  

= =

= =

∫

 

 



b) Assuming that the average output voltage is 80% of the maximum possible output 
voltage, calculate the firing angle (delay angle) and the efficiency of rectification ratio.  

max
max

1 cos( )0.7 (1 cos( )) 0.8
2 2

cos( ) 0.6 53.13 0.93

d
VV V

rad

α
αα

π
α α

+
= ⋅ = ⋅ + ⇒ =

= ⇒ = ≈
 

max

max

0.8 220 56.020.8 56.02[ ]; 11.2[ ]
5

1 sin(2 ) 92.36[ ]; 18.47[ ]
2 2

37%

d
d d

rms
rms rms

dc d d

ac rms rms

VV V V I A
R

V VV V I A
R

P V I
P V I

α

α

π
απ α

π

η

⋅
= ⋅ = = = = =

 = − + = = =  
⋅

= = =
⋅

 

 

c) Replace the single-pulse thyristor rectifier with a full-bridge thyristor rectifier and 
calculate the efficiency of rectification for this case/topology in the same conditions.  

 

Single-phase full-bridge thyristor rectifier with resistive load. 

 



max
2 220_ 53.13 : 0.8 0.8 112.045

112.045 22.41
5

220 sin(2 )1 130.61[ ]; 26.12[ ]
22

2511 74%
3412

d

d

rms
rms rms

dc d d

ac rms rms

For V V

I

VV V I A
R

P V I
P V I

α

α

α
π

α α
π π

η

⋅
= = ⋅ = ⋅ =

= =

 = − + = = = ⋅ 
⋅

= = = =
⋅



 

 

d) Replacing the resistive load with a DC motor represented by an equivalent circuit (Fig. 3.2) 
and considering the load current constant and ripple-free, draw the output voltage and 
the input current (Is), indicating in the sketch when the thyristors are in conduction.  

 

Fig. 3.2. The equivalent circuit of a DC motor. 

 

Since the load is a DC motor, which is a highly inductive load, the load current is considered 
constant. The output voltage and the input current (Is) looks like in the next figure: 

 

 



 

 

e) For the previous case, assuming that the speed is 1000 rpm, the armature resistance Ra=2 
Ohms, the induced/back emf voltage of the motor E=80 V and the armature current is 
kept constant at Ia=10 A, find the firing angle for this case and for the case when the 
speed is 500 rpm.  

 

Since the load is a DC motor, which is a highly inductive load, the load current is considered 
constant and equal with the average value of the load current (Id=Ia), as follows: 

2 220 2 10 80_1000 ( 80 ), cos( ) cos( ) 0.714
140.06

44.44 ` 0.77
2 220 2 10 40_ 500 ( 40 ), / 2 cos( ) cos( ) 0.428
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64.63 ` 1.13
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In a DC motor with constant current (Ia=ct), the speed is direct proportional with E. 

1 2

1 2

2;
60

a aE I E I nπω
ω ω
⋅ ⋅ ⋅ ⋅

= =    



 

Exercise 4.2. A Hybrid Electric Vehicle (HEV) required a 20 kW half-bridge bidirectional converter 
(Fig. 4.1) to generate a 500 V from 200 V battery at a switching frequency fs=10 kHz.  

 

Fig. 4.1. DC machine drives by a half-bridge bidirectional converter. 

 

a) Assuming that the DC machine of HEV is working as a motor enabling to discharge the 
low-voltage battery to a higher voltage DC-link, explain how the half-bridge converter 
works in this case and redraw the circuit such that to highlight the DC-DC converter type 
used for this case. 

Solution: The buck and boost converters can be integrated together to create a bidirectional half-
bridge converter. Since the machine is working as a motor in this case, the converter works as 
boost (step-up) converter to enable the low-voltage battery to be discharged over a higher DC 
voltage-link (supplying the motor from a lower voltage source). The motor is seen by the 
converter as a load. 

The converter from Fig. 4.1 can be redrawn as in Fig. 4.2 to create a boost converter, as the 
current is flowing in one direction, from the lower voltage source to a higher DC-link voltage. The 
active switch used in this case is SW2 (during ton state) and the passive switch is the Diode 2 (for 
toff state), from Fig. 4.1.  



 
Fig. 4.2. Boost converter as part of the half-bridge converter. 

 

b) For the DC-DC converter type, compatible with the motoring operation mode, determine 
the components (L and CHV) considering the inductor current ripple (28%) and the voltage 
ripple (0.5 %), assuming ideal components and ignoring the power loss. Assume that the 
converter is working in continuous conduction mode (CCM) and the converter sees the 
motor as a resistive load (20 kW, 500 V). 

Solution:  

For a boost converter the duty ratio: 2001 1 1 0.4 0.6
500

IN battery

O

V V
D

V
=

= − = − = − =  

The average inductor current: 20000 100[ ]
200

IN
L IN

IN

PI I A
V

= = = =  

The inductor current ripple (peak-peak): 0.28 0.28 100 28[ ] IN
L L

s

V Di I A
f L
⋅

∆ = ⋅ = ⋅ = =
⋅

 

The desired inductance: 200 0.6 428.5[ ]
10000 28

IN

s L

V DL H
f i

µ⋅ ⋅
= = =

⋅∆ ⋅
 

The peak-to-peak value of the output voltage: 0.005 500 2.5[ ]Cv V∆ = ⋅ =  



The high-voltage filter capacitance: 

40 0.6 960[ ]
10000 2.5

20000_ 40[ ]
500

O
HV

s C

O
O

O

I DC F
f v

Pwhere I A
V

µ⋅ ⋅
= = =
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= = =
 

 

c) Calculate the input current and the minimum and maximum inductor current for CCM 

Solution: The input current was calculated before 

The max inductor current: max
28100 114[ ]

2 2
L

L L
ii I A∆

= + = + =  

The minimum inductor current: min
28100 86[ ]

2 2
L

L L
ii I A∆

= − = − =  

 

d) Determine the power level at which the converter enters BCM (at the boundary between 
CCM and DCM) 

Solution:  

At the boundary, we can write: 
14[ ]

2
200 14 2.8[ ]

L
INB LB

B IN INB

iI I A

P V I kW

∆
= = =

= ⋅ = ⋅ =
 

 

e) As the load current and power is reduced, the converter works now in DCM 
(discontinuous conduction mode) for the given voltage conditions (Vemf=500 V). 
Calculate the input and output currents and the inductor ripple current assuming the load 
power 2 kW for this case.  

Solution: In DCM the load current is reduced to: ( )
2000 4[ ]
500

O
O DCM

O

PI A
V

= = =  

The duty cycle becomes: 
( ) 2 0.507O IN

s IN
IN O

V VD f L I
V V
−

= ⋅ ⋅ ⋅ ⋅ =
⋅

 

The inductor current ripple: 23.66[ ]IN
L

s

V Di A
f L
⋅

∆ = =
⋅

 

The input current: 2000 10[ ]
200

IN O
IN
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P PI A
V
=

= = =  
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