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IGBT
Insulated-Gate Bipolar Transistor

PROCON
MOSFETFastTurn OffHigh VON 

(no conductance 
modulation)

BJTLow VON
(conductance
modulation)

SlowTurn Off

IGBT MOSFET with added junction between D and G 
to introduce conductance modulation
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IGBT
Insulated-Gate Bipolar Transistor
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  buffer layer 

(not essential)

Blocking state
MOSFET is OFF

If VCE> 0
Voltage is 
sustained by J2

If VCE< 0
Voltage is 
sustained by J1
and J3

The buffer layer allows punchthrough:
•If buffer layer is present !VRBonly 10-20 V
Asymmetric IGBT (punchthroughIGBT)
•If buffer layer is notpresent !VRB= VBD
Symmetric IGBT (non punchthroughIGBT9

P+

N-

N
+

P
N

+
N

+

emitter

gate

collector

SiO
2

J
2

J
3

Ls

Parasitic thyristor

Buffer layer 

(not essential)

J
1

- Unique feature of IGBT



Buffer layer
No buffer layer
•Drift region cannot be 

completely depleted 
(punchthroughimplies 
reachthrough)

Buffer layer
•The buffer layer can totally 

screen the electric field and 
allows punchthrough. 

•(same VBD, lower VON, but 
low VRB)

On State

P+

N-

N
+

P

N
+

N
+

emitter

gate

collector

lateral (spreading)

    resistance

+ ++ ++ ++ +

•Typically ID> IC

•Lower VONthan the MOSFET because “C” component 
causes conductivity modulation in the drift region.

•!"#=!%&+("#)=1÷2 V< !"# of a MOSFET



Latch up
The npnBJT must be in cut off
•VBEdepends on voltage drop 

on rb.
•Static Latch up

IMAX_Static

•Dynamic Latch up 
(during IGBT turn off*)
IMAX_Dynamic< IMAX_Static/2

* During turn off  the MOSFET turns off first !all IGBT current + CB 
displacement current can pass through rb

Turn on transient



Turn off transient

The BJT is 
not in 

saturation

Example: Infineon IGBTs

Trenchstop5: Imax80 A, VBD650 V, VON1.6-2 V,



Power Integrated Circuits

1. Discrete Modules (Higher I-V range)
2. Smart Power / Smart Switches (I < 50-100 A, 

V < 1KV):
3. High-Voltage Integrated Circuits (e.g.  BCD 

process - I < 50-100 A, V < 1KV )
4. High-density Power Management IC (e.g. high 

density BCD process – V < 100 V)

Smart Power / Smart Switches 
(I < 50-100 A, V < 1KV):

Vertical Power devices + Lateral Devices for (some) logic

N+ N+
P

N+ N+
P

N+

N -

N+
P

N+

D

GS DG SS

Vertical Power MOSFET
Lateral Logic 
Level MOSFET

P

Diode

If Drain of Power MOSFET at positive voltage Æ devices are insulated 
by the reversed biased p-body - n-drift region junction



STM BCD Process
Three process technologies on a single chip
• Bipolar for precise analog circuits (e.g. bandgap)
• CMOS for digital design
• DMOS for power and high voltage

Pros:
• Improved reliability (no bonding, no complex packaging)
• Reduced EMI
• Smaller chip area (improved integration)
Cons 
• No component is optimized (e.g. digital is not optimized (long 

channel lengths and thick oxides))

STM BCD Process



Chronology of BCD Processes

Chronology of BCD process taken from Fig. 4.4 of Y. Fu et al. CRC Press, 
2014

60 V, 4um, 12 masks 
(as a BJT process)

2.5um CMOS, LOCOS

1.2 um twin well 
CMOS, NVM, 3ML

0.18 um CMOS, 
6 ML, NVMNow BCD 

by STM, Freescale, 
TI, TSMC, UMC, GF, 
SMIC, IFX 

STM BCD process family



Infineon 130 nm BCD

DTI

STI

Buried layer

5 metal layer

Capabilities of power devices

Courtesy of
Wikipedia (Cyril 

The domain of MOSFETs and IGBTs is increasing



Progress in IGBTs Courtesy of
Infineon 2011

Evolution of power semiconductor 
devices

Active devices are a large fraction of the total system cost Æ
actual design try to minimize the number of active devices used 
and their maximum ratings (cost)



Evolution of power semiconductor 
devices

Active devices are a large fraction of the total system cost Æ
actual design try to minimize the number of active devices used 
and their maximum ratings (cost)
Progress in Power devices DRIVE changes in circuit choices and 
market adoption.
Examples:
• power MOSFETs —> switched-mode power supplies
• IGBT -> Energy efficient motor drives with inverters

Evolution of power semiconductor 
devices

Active devices are a large fraction of the total system cost Æ
actual design try to minimize the number of active devices used 
and their maximum ratings (cost)
Progress in Power devices DRIVE changes in circuit choices and 
market adoption.
Examples:
• power MOSFETs —> switched-mode power supplies
• IGBT -> Energy efficient motor drives with inverters
Next 
New materials: SiC, GaN -> Class D audio amplifier, inverter for 
motion control – AC-DC and DC-DC power supply



Comparison between different 
materials for power FETs

• W is the width of the depletion 
region (contained in the drift 
region)

• Electric field at the junction:

• Voltage drop V in W:

• We also have

Let us consider a PN junction with NO punchthrough:

Resistance in the ON state RON
if we put the breakdown field EBD in the place of E, and the 
breakdown voltage VBD in the place of V:

RON is due to transport in the drift region. In the case of no 
conductivity modulation n=ND (MOSFETs and Schottky diodes):



FOM of alternative materials (to Si)

The breakdown voltage is a system specification 
Æ For the same VBD, different materials give different RON

Baliga proposed a Figure of Merit for materials normalized to Si:

Thermal properties of alternative 
semiconductors

Si GaAs SiC GaN
Bandgap at Room T (eV) 1.12 1.43 2.2-3 3.4
Thermal conductivity (W/(cm K)) 1.5 0.5 5 1.3
Max Operating Temp. (C) 150 300 600-1000 400
Saturation velocity (cm/s) 1e7 2e7 2.5e7 2.5e7

Higher bandgap Æ Harder impact ionization Æ Higher EBD

Higher bandgap Æ Lower intrinsic carrier density ni at a given T 
Æ Lower leakage currents at given T
Æ Higher Max operating Temp



Superjunction MOSFET

P-pillar introduces a charge sharing mechanism that enables to 
increase drift region doping (10x) for the same VBD and drift region 
thickness
For VBD = 600 V Æ 5x reduction in RON wrt MOSFET

Source: 
Fairchild AN5232

Siemens 1999, 
STM 2000

SiC devices

• SiC diodes, SiC JFETs, SiC MOSFETs
• SiC JFET (Infineon)



GaN-AlGaN MIS-HEMT 
Only 2 producers now: IRF and EPC

• No pn junctions (only majority carriers)
• Lateral device (reduced capacitances, high fields in the upper 

layers)
• Normally ON

Comparison between different 
technologies

Superjunction
MOSFET

SiC JFET GaN HEMT



RON comparison

Superjunction
MOSFET

SiC JFET
GaN HEMT

GaN also has lower output switching charge, enabling higher frequency

Power versus frequency Courtesy of
Infineon 2011



Ideal limit of SiC and GaN
have not been reached yet

AlGaN/GaN

Fig. 12 of Ikeda et al. Proc. IEEE Vol. 98, pp. 1151-1161, 2010.

Problems of alternative materials

1. Silicon has enormous accumulated past investments. Money 
spent on other materials is small in comparison

2. GaAs
– Small wafer size (Æ higher cost)
– Unwanted impurities Æ reduce EBD and carrier lifetime
– No oxide (is it really a problem?)

3. SiC
– Even smaller wafer size and more impurities
– SiC-SiO2 interface not perfect

4. GaN
– Reliability issues (impurities)



Added value of SiC and GaN

High Junction T High ele mob

No recovery time

Lower losses High fs

Less cooling 
needs

Smaller filters 
passives

Smaller size and 
weight

Intrinsic 
Properties

Impact on 
Operation

Impact on Power 
Module

Impact on Power 
System

DC-DC Converters

Typical uses:
• DC Power supplies
• DC Motor drives
• Portable Electronics

Types of converters
• Step-down (buck)
• Step-up (boost)
• Buck-boost
• Cuk
• Full-Bridge



Ideal concept of step-down 
converter with PWM* switching

Assumptions: Switches, L, C are lossless, DC input has zero internal 
impedance, load is an equivalent R
This cannot work: 1. Load is inductive and can destroy switch by 
dissipating all stored energy, 2. output voltage must be continuous

input output

load

(* Pulse Width Modulation)

Step-down (buck) converter

Low-pass filter keeps 
output voltage 
constant
Note: 2nd order non 
dissipative filter

𝑓𝑐 =
1
2𝜋

1
𝐿𝐶

≪ 𝑓𝑠

Diode avoids voltage 
spike on switch  (when 
switch is off, diode 
provides current to L)

DC power supplies, DC motor drives  -- Vo < Vd



Continuous-conduction mode

Limit of continuous conduction
If the ripple amplitude 𝐼𝐿𝐵 ≡

𝐼𝑝𝑒𝑎𝑘
2 = 𝐼𝑜, the converter is at the limit 

of continuous conduction (i.e. 𝑚𝑖𝑛 𝐼𝐿 = 0)

𝐼𝐿𝐵 ≡
𝐼𝑝𝑒𝑎𝑘
2 =

𝑡𝑜𝑛 𝑉𝑑 − 𝑉𝑜
2𝐿 =

𝐷𝑇𝑠𝑉𝑑 1 − 𝐷
2𝐿 = 𝐼𝐿𝐵𝑚𝑎𝑥4𝐷 1 − 𝐷



Limits of continuous-discontinuous 
conduction  (constant Vd)

Continuous
𝑉𝑜
𝑉𝑑

= 𝐷

𝐼𝑜
𝐼LBmax

> 4𝐷 1 − 𝐷

Discontinuous-conduction mode 
with constant Vd

𝐼peak =
𝑉𝑑 − 𝑉𝑜 𝐷𝑇𝑠

𝐿 =
𝑉𝑜∆1𝑇𝑠
𝐿

𝑉𝑜
𝑉𝑑

=
𝐷

𝐷 + ∆1

∆1𝑇𝑠
𝐷𝑇𝑠

𝐼peak =
𝑉𝑑𝑇𝑠
𝐿

𝐷∆1
𝐷 + ∆1

𝐼𝑜𝑇𝑠 =
𝐼peak 𝐷 + ∆1 𝑇𝑠

2

𝐼𝑜 = 4𝐼LBmax𝐷∆1

𝐼peak = 8𝐼LBmax
𝐷∆1
𝐷 + ∆1

𝑉𝑜
𝑉𝑑

=
𝐷2

𝐷2 + 𝐼𝑜/(4𝐼𝐿𝐵𝑚𝑎𝑥)

Motor drives



Limits of continuous-discontinuous 
conduction (constant Vd)

Continuous

Discontinuous

𝑉𝑜
𝑉𝑑

= 𝐷

𝐼𝑜
𝐼LBmax

> 4𝐷 1 − 𝐷

𝑉𝑜
𝑉𝑑

=
𝐷2

𝐷2 + 𝐼𝑜
4𝐼LBmax

𝐼𝑜
𝐼LBmax

< 4𝐷 1 − 𝐷

Discontinuous-conduction with 
constant Vo

At the limit of continuous conduction

𝐼𝐿𝐵 =
𝑉𝑜𝑇𝑠(1 − 𝐷)

2𝐿 = 𝐼LBmax 1 − 𝐷

We can write D explicitly from:

DC voltage 
supply

𝐼peak =
𝑉𝑜∆1𝑇𝑠
𝐿 = 2𝐼LBmax∆1

𝐼𝑜 =
𝐼peak 𝐷 + ∆1

2 = 𝐼LBmax∆1 𝐷 + ∆1
𝑉𝑑
𝑉𝑜

=
𝐷 + ∆1
𝐷

𝐼𝑜
𝐼LBmax

= 𝐷2 𝑉𝑑
𝑉𝑜

1 −
𝑉𝑑
𝑉𝑜

𝐷 =
𝑉𝑜
𝑉𝑑

𝐼𝑜
𝐼𝐿𝐵𝑚𝑎𝑥

1 −
𝑉𝑑
𝑉𝑜

−1
1
2



Discontinuous-conduction with 
constant Vo DC voltage 

supply

𝐷 =
𝑉𝑜
𝑉𝑑

𝐼𝑜
𝐼𝐿𝐵𝑚𝑎𝑥

1 −
𝑉𝑑
𝑉𝑜

−1
1
2

Continuous: 𝐼𝑜 > 𝐼𝐿𝐵
𝐷 > 1 −

𝐼𝑜
𝐼𝐿𝐵𝑚𝑎𝑥

𝐷 =
𝑉𝑜
𝑉𝑑

Discontinuous: 𝐼𝑜 < 𝐼𝐿𝐵

𝐷 < 1 −
𝐼𝑜

𝐼𝐿𝐵𝑚𝑎𝑥

Output voltage ripple
First order calculation:
The average iL flows in the 
load, and the ripple 
component in C.
Additional charge:

∆𝑄 =
1
2
∆𝐼𝐿
2
𝑇𝑠
2

Current ripple:
∆𝐼𝐿 = (𝑉𝑜/𝐿) 1 − 𝐷 𝑇𝑠

Voltage ripple:

∆𝑉𝑜 =
∆𝑄
𝐶 =

𝑉𝑜
8𝐿𝐶 𝑇𝑠

2 1 − 𝐷
∆𝑉𝑜
𝑉𝑜

=
𝜋2

2 (1 − 𝐷)
𝑓𝑐2

𝑓𝑠2𝑓𝑐 =
1
2𝜋

1
𝐿𝐶



Step-up (boost) converter
• DC power supplies
• Regenerative breaking of 

DC motors

Output voltage always larger 
than the input

Switch onÆ diode off, output 
isolated, L accumulates energy 
from input
Switch offÆ diode on, load 
receives energy from input 
and from L

Continuous-conduction mode

Periodic conditions:
𝑡on𝑉𝑑
𝐿 +

𝑡off 𝑉𝑑 − 𝑉𝑜
𝐿 = 0

if 𝑡on = 𝐷𝑇𝑠 and
𝑡off = (1 − 𝐷)𝑇𝑠

𝑇𝑠𝑉𝑑 + 𝑇𝑠 1 − 𝐷 𝑉𝑜 = 0

𝑉𝑜
𝑉𝑑

=
1

1 − 𝐷
No losses:
𝑉𝑜𝐼𝑜 = 𝑉𝑑𝐼𝑑



Continuous-discontinuous boundary
Average current in L 
= ripple :

𝐼𝐿𝐵 =
𝑉𝑑𝑡𝑜𝑛
2𝐿

=
𝑉𝑜 1 − 𝐷 𝑇𝑠𝐷

2𝐿
Average output 
current at the limit:
𝐼𝑜𝐵 = 𝐼𝐿𝐵 1 − 𝐷

=
𝑉𝑜𝑇𝑠 1 − 𝐷 2𝐷

2𝐿
ILB is max if D=0.5 Æ 𝐼𝐿𝐵𝑚𝑎𝑥 =

𝑉𝑜𝑇𝑠
8𝐿 , 

IoB is max if D=1/3 Æ 𝐼𝑜𝐵𝑚𝑎𝑥 =
2𝑉𝑜𝑇𝑠
27𝐿 Æ 𝐼𝑜𝐵 =

27
4 1 − 𝐷 2𝐷𝐼𝑜𝐵𝑚𝑎𝑥

Discontinuous conduction mode 
(constant Vo) 

Periodic conditions:
𝐷𝑇𝑠𝑉𝑑
𝐿 +

∆1𝑇𝑠 𝑉𝑑 − 𝑉𝑜
𝐿 = 0



Discontinuous conduction mode 
(constant Vo) 

Periodic conditions:
𝐷𝑇𝑠𝑉𝑑
𝐿 +

∆1𝑇𝑠 𝑉𝑑 − 𝑉𝑜
𝐿 = 0

𝑉𝑜
𝑉𝑑

= 1 +
𝐷
∆1

=
𝐼𝑑
𝐼𝑜

Discontinuous conduction mode 
(constant Vo) 

Periodic conditions:
𝐷𝑇𝑠𝑉𝑑
𝐿 +

∆1𝑇𝑠 𝑉𝑑 − 𝑉𝑜
𝐿 = 0

𝑉𝑜
𝑉𝑑

= 1 +
𝐷
∆1

=
𝐼𝑑
𝐼𝑜

Average current in L

𝐼𝑑𝑇𝑠 =
𝐷𝑇𝑠𝑉𝑑
𝐿

𝐷 + ∆1 𝑇𝑠
2

Average output current

𝐼𝑜 = 𝐼𝑑
∆1

𝐷 + ∆1
=
𝑇𝑠𝑉𝑑
2𝐿 𝐷∆1

=
27
4 𝐼𝑜𝐵𝑚𝑎𝑥

𝑉𝑑
𝑉𝑜
𝐷2 𝑉𝑑

𝑉𝑜 − 𝑉𝑑

𝐷 =
4
27

𝑉𝑜
𝑉𝑑

𝑉𝑜
𝑉𝑑

− 1
𝐼𝑜

𝐼𝑜𝐵𝑚𝑎𝑥

1
2



Continuous-discontinuous mode 
(constant Vo)

Continuous mode:
𝐼𝑜 > 𝐼𝑜𝐵

= 𝐼𝑜𝐵𝑚𝑎𝑥
27 1 − 𝐷 2𝐷

4
𝐷 = 1 −

𝑉𝑑
𝑉𝑜

Discontinuous mode:
𝐼𝑜 < 𝐼𝑜𝐵

𝐷 =
4
27

𝑉𝑜
𝑉𝑑

𝑉𝑜
𝑉𝑑
− 1

𝐼𝑜
𝐼𝑜𝐵𝑚𝑎𝑥

1
2

Losses and ripple

Losses: inductor, capacitor, switch, diode
Ripple: first order assumption: when the switch is on the C is 
discharged through the load

∆𝑉𝑜 =
∆𝑄
𝐶 =

𝐼𝑜𝐷𝑇𝑠
𝐶 =

𝑉𝑜𝐷𝑇𝑠
𝑅𝐶

∆𝑉𝑜
𝑉𝑜

= 𝐷
𝑇𝑠
𝜏



Buck-boost converter

Negative DC power supply
Switch on: inductance 
accumulates energy, diode off, 
C supplies the load
Switch off: diode on, 
inductance transfers energy to 
the capacitance and to the load

Periodic conditions in 
continuous conduction mode:
𝐷𝑇𝑠𝑉𝑑
𝐿 −

𝑉𝑜 1 − 𝐷 𝑇𝑠
𝐿 = 0

𝑉𝑜
𝑉𝑑

=
𝐷

1 − 𝐷 =
𝐼𝑑
𝐼𝑜

𝐼𝐿 = 𝐼𝑜 + 𝐼𝑑 =
𝐼𝑜

1 − 𝐷

Continuous-discontinuous boundary
Current in L at the boundary

𝐼𝐿𝐵 =
𝐷𝑇𝑠𝑉𝑑
2𝐿

Output current at the boundary:

𝐼𝑜𝐵 = 𝐼𝐿𝐵 1 − 𝐷 =
𝑇𝑠𝑉𝑜
2𝐿 1 − 𝐷 2

𝐼𝐿𝐵 = 𝐼𝐿𝐵𝑚𝑎𝑥 1 − 𝐷

𝐼𝑜𝐵 = 𝐼𝑜𝐵𝑚𝑎𝑥 1 − 𝐷 2



Discontinuous conduction

Periodic conditions:
𝐷𝑉𝑑𝑇𝑠
𝐿 −

𝑉𝑜∆1𝑇𝑠
𝐿 = 0

𝑉𝑜
𝑉𝑑

=
𝐷
∆1

=
𝐼𝑑
𝐼𝑜

Average current in L:

𝐼𝐿𝑇𝑠 =
𝑉𝑑𝐷𝑇𝑠
𝐿

𝐷 + ∆1 𝑇𝑠
2

Therefore:

𝐼𝐿 = 𝐼𝑜 1 +
𝐷
∆1

=
𝑉𝑑𝑇𝑠
2𝐿 𝐷 𝐷 + ∆1

𝐼𝑜
𝐼𝑜𝐵𝑚𝑎𝑥

= 𝐷∆1
𝑉𝑑
𝑉𝑜
= 𝐷2

𝑉𝑑
𝑉𝑜

2

→ 𝐷 =
𝑉𝑜
𝑉𝑑

𝐼𝑜
𝐼𝑜𝐵𝑚𝑎𝑥

Continuous-discontinuous mode

Continuous operation
𝐼𝑜 > 𝐼𝑜𝐵 = 𝐼𝑜𝐵𝑚𝑎𝑥 1 − 𝐷 2

𝐷 =
𝑉𝑜

𝑉𝑑 − 𝑉𝑜
Discontinuous operation
𝐼𝑜 > 𝐼𝑜𝐵

𝐷 =
𝑉𝑜
𝑉𝑑

𝐼𝑜
𝐼𝑜𝐵𝑚𝑎𝑥



Output voltage ripple

When the switch is ON, C is discharged through the load

∆𝑉𝑜 =
∆𝑄
𝐶 =

𝐷𝑇𝑠𝑉𝑜
𝑅𝐶 →

∆𝑉𝑜
𝑉𝑜

= 𝐷
𝑇𝑠
𝜏

Cuk DC-DC converter

Negative DC power supply
DC analysis: 𝑉𝐶1 = 𝑉𝑑 + 𝑉𝑜 note: (𝑉𝐶1 > 𝑉𝑑)
Assumption: Large C1 (Voltage almost constant)
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Assumption: Large C1 (Voltage almost constant)
Switch OFF: C1 is charged through L1 and the input, Diode ON, 
L2 supplies energy to R (currents in L1 and L2 decrease)

Cuk DC-DC converter

Negative DC power supply
DC analysis: 𝑉𝐶1 = 𝑉𝑑 + 𝑉𝑜 note: (𝑉𝐶1 > 𝑉𝑑)
Assumption: Large C1 (Voltage almost constant)
Switch OFF: C1 is charged through L1 and the input, Diode ON, 
L2 supplies energy to R (currents in L1 and L2 decrease)
Switch ON: L1 receives energy, Diode OFF, C supplies current to 
R, C1 gives energy to L2 (currents in L1 and L2 increase)



Cuk
Periodic conditions in L1
𝑉𝑑𝐷𝑇𝑠 + 1 − 𝐷 𝑇𝑠 𝑉𝑑 − 𝑉𝐶1 = 0

𝑉𝐶1 =
𝑉𝑑

1 − 𝐷
Periodic conditions in L2
𝑉𝐶1 − 𝑉𝑜 𝐷𝑇𝑠 − Vo 1 − D 𝑇𝑠 = 0

𝑉𝐶1 =
𝑉𝑜
𝐷

Therefore
𝑉𝑜
𝑉𝑑

=
𝐷

1 − 𝐷
Pro: currents 
in L1 and L2 ripple free
Con: C1 must be large

Full bridge DC-DC converter

Applications:
• DC motor drives
• DC to AC conversion 

in UPS
• DC to AC conversion 

in transformer 
isolated power supply

Fixed Vd. 
Control polarity and 
amplitude of Vo

Two legs: A and B. Only one switch in each leg is ON at any time



Full bridge DC-DC converter
When switch TA+ is on:
𝑖𝑜 > 0: 𝑖𝑜 through TA+  
𝑖𝑜 < 0: 𝑖𝑜 through DA+
𝑉𝐴𝑁 = 𝑉𝑑dutycycle(𝑇𝐴+)

When switch TB+ is on:
𝑖𝑜 < 0: 𝑖𝑜 through TB+  
𝑖𝑜 > 0: 𝑖𝑜 through DB+
𝑉𝐵𝑁 = 𝑉𝑑dutycycle(𝑇𝐵+)

𝑉𝑜 = 𝑉𝐴𝑁 − 𝑉𝐵𝑁
Four quadrant operation 
on 𝑉𝑜, 𝐼𝑜

PWM with bipolar 
voltage switching

When 𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙 > 𝑣𝑡𝑟𝑖, 
TA+ and TB- are ON
Duty cycle

𝐷1 =
1
2 +
𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑉𝑡𝑟𝑖

1
2

When 𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙 < 𝑣𝑡𝑟𝑖, 
TA- and TB+ are ON

𝐷2 = 1 − 𝐷1
𝑉𝑜 = 𝑉𝐴𝑁 − 𝑉𝐵𝑁 = 𝐷1𝑉𝑑 − 𝐷2𝑉𝑑
= 2𝐷1 − 1 𝑉𝑑
=
𝑉𝑑
 𝑉𝑡𝑟𝑖
𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙



PWM with unipolar 
voltage switching

When 𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙 > 𝑣𝑡𝑟𝑖, 
TA+ and TB- are ON
Duty cycle

𝐷1 =
1
2 +
𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑉𝑡𝑟𝑖

1
2

When −𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙< 𝑣𝑡𝑟𝑖, 
TA- and TB+ are ON

𝐷2 = 1 − 𝐷1
𝑉𝑜 = 𝑉𝐴𝑁 − 𝑉𝐵𝑁
= 𝐷1𝑉𝑑 − 𝐷2𝑉𝑑
= 2𝐷1 − 1 𝑉𝑑
=
𝑉𝑑
 𝑉𝑡𝑟𝑖
𝑣𝑐𝑜𝑛𝑡𝑟𝑜𝑙

Less ripple 
w.r.t. the 

bipolar case 
because 

frequency of 
Vo is double

PWM signal generation
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