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Abstract

In the recent year, power electronics have increasing applications in high voltage
power system which can be achieved by connecting lower rating power semiconductor
devices in series connection to improve the power rating and voltage rating of power
electronic converters. The main issue in series - connected insulated gate bipolar
transistors (IGBTs) is the voltage balancing during dynamic and static states across
each device. Voltage imbalance is mainly due to delay in gate drive signal, unequal
leakage current of the device and mismatch in switching characteristics of the device.
There are various methods for minimizing the voltage imbalance among the series
connected devices in the string. Aim of this project is develop the voltage balancing
circuit which will solve both static and dynamic voltage balance with simple structure,
high reliability, low additional losses in the balancing circuit and number of devices

can be easily connected in series.



Abbreviations

B Bipolar Junction Transistor
DS Digital Signal Processor
DS Digital Signal Controllers
FACTS .o Flexible AC Transmission System
FPGA Field Programmable Gate Array
GO Gate Turn-Off Thyristor
HVDC .. High Voltage DC Transmission System
IGBT .. Insulated Gate Bipolar Transistor
IGCT Insulated Gate Commutated Thyristor
IEE Institution of Electrical Engineers
IEEE ... ... Institute of Electrical and ElectronicEngineers
MOSFET ............. ... ... Metal Oxide Semiconductor Field Effect Transistor
RCD Resistor, Capacitor, Diode
SCR Silicon Controlled Rectifier
TNV S Transient Voltage Suppressors

vi



Nomenclature

O Capacitor
LoE Collector - Emitter current
L Load Current
7 S Load Inductance
R Series Resisitor
R Static Balancing Resistor
R Feedback Resistors
Rovad - oo Load Resistance
Ropp oo Off - state Resistor
2P Fall time
VOE oo Collector - Emitter Voltage
e DC Supply Voltage of IGBT
Ve DC Supply Voltage
€ Damping Ratio

vii



List of Tables

([ Comparison Table[. . . . . . . . . .. ... L 16
I opecification ot Simulation Model tor 250 V| . . . . . . .. .. .. .. 30
([T Specification of Simulation Model for 500 V| . . . . ... .. ... .. 36
([ Specification of Hardware Model for 250 V| . . . . . . ... ... ... 49
([T Specification of Hardware Model tor 500 V| . . . . . . ... . ... .. 55

viil



List of Figures

(1.1  Unequal parameters of IGBTSs . . . . . ... ... ... .. ... ...
(1.2  Voltage unbalance due to gating signal delay| . . . . . .. ... .. ..
[2.1 Voltage balancing topologies for series connected IGBTs . . . . . ..
[2.2  Voltage balancing by passive snubber{ . . . . . . ... ... ... ...
[2.3 (a) Gate signals before adjusting, (b) Gate signals after adjusting| . .
[2.4  Voltage balance by active gate control|. . . . . . . .. ... ... ...
[2.5  Voltage balancing by gate balancing core| . . . . . . . . . . ... ...
2.6 Voltage clamping by zener diodes and capacitors|. . . . . . . . . . ..
[2.7  Voltage clamping by diodes and capacitors| . . . . . . ... ... ...
[3.1 Active gatecontrol| . . . . . ... .o
[3.2  Gate voltage IGBT voltage waveform during transients . . . . . . ..
[3.3  Operational waveform| . . . .. ... ... ... .. ... .......
[3.4  Operation during turning - on transients| . . . . . . ... .. .. ...
[3.5 Operation during turn - on transients| . . . . . . . . . ... ... ...
[3.6  Operation during all switches are turnon|f. . . . . . . . . . ... ...
[3.7  Operation during turning - off transients| . . . . . . . . . . ... ...
[3.8  Operation during all switches are turned oftff . . . . . . . ... .. ..
[4.1 Capacitor voltage and load current during turn-oftf . . . . . . . . ..
[>.1 Block diagram of series connected IGBTs| . . . . ... ... ... ..
[>.2  Gating signals with delay during turning - on time|. . . . . . . . . ..
(.3  Switch voltages during turning - on time| . . . . . . . ... ... L.
[>.4 Capacitor voltages during turning - on time| . . . . . . . . . ... ..
[>.5  Gate signals during turn-on| . . . . . ...
[5.6  Switch voltages during steady on state] . . . . . . . . ... ... ...
[>.7  Gating signals with delay during turning - off timef. . . . . . . . . ..
[5.8 Switch voltages during turning - oft time| . . . . . . . . .. ... ...
[5.9 Capacitor voltages during turning - off time| . . . . . . . . . . . ...
[>.10 Gate signals during turn-offf . . . . . . . . .. ... ... ... ...
[5.11 Switch voltages during steady off state] . . . . . . ... ... .. ...
[>.12 Switch voltages during steady - state| . . . . . . ... ... ... ...
[>.13 Gating signals with delay during turning - on time|. . . . . . . . . ..
[>.14 Switch voltages during turning - on time] . . . . . . . . . . ... ...
[>.15 Capacitor voltages during turning - on time| . . . . . . . . .. .. ..

X



LIST OF FIGURES X

[>.16 Gate siganls during turn-onf . . . . . . . . ... ... L. 38
[5.17 Switch voltages during steady on state| . . . . . . . .. ... .. ... 38
[5.18 Gating with delay during turning - oft time|. . . . . . . . . . ... .. 39
[5.19 Switch voltages during turning - off time| . . . . . . . . . . ... ... 39
[5.20 Capacitor voltages during turning - off time| . . . . . . . . . . . . .. 40
[>.21 Gate signals during turn-offf . . . . . . . ... ... ... ... .. 40
[5.22 Switch voltages during steady off state] . . . . . .. .. .. ... ... 41
[5.23 Switch voltages during steady - state| . . . . . .. ... ... ... 41
[6.1 Hardware setup of series connected IGBTs|. . . . . .. ... .. ... 42
[6.2  Gating signals without delay| . . . . . . ... ... ... ... .. ... 43
[6.3  Switch voltages of switches S1, 2. . . . . . .. ... ... ... ... 43
[6.4  Switch voltages of switches S3, S4f. . . . . . . .. ... ... ... .. 44
[6.5 Gate signals of switches S1, 52 during turn - on time| . . . . . . . .. 44
[6.6 Gate signals of switches S1, 52 during turn - off time] . . . . . . . .. 45
[6.7  Gate signals of switches S1, S3 during turn - on time| . . . . . . . .. 45
[6.8  Gate signals of switches S1, S3 during turn - off time| . . . . . . . . . 46
[6.9 Gate signals of switches S1, 54 during turn - on time| . . . . . . . .. 46
[6.10 Gate signals of switches S1, 5S4 during turn - off time| . . . . . . . . . 47
[6.11 Switch voltages of switches S1, .52, . . . . .. .. .. ... ... ... 47
[6.12 Switch voltages of switches 53, S4]. . . . . . . ... .. ... .. ... 48
[6.13 Gate signals of switches S1, S2 during turn - on time| . . . . . . . . . 49
[6.14 Gate signals of switches S1, 52 during turn - off time| . . . . . . . . . 50
[6.15 Gate signals of switches S1, 53 during turn - on time| . . . . . . . .. 50
[6.16 Gate signals of switches S1, S3 during turn - off time| . . . . . . . . . 51
[6.17 Gate signals of switches S1, S4 during turn - on time| . . . . . . . .. 51
[6.18 Gate signals of switches S1, 5S4 during turn - off time| . . . . . . . . . 52
[6.19 Switch voltages with auxiliary circuit| . . . . . . . . . ... ... ... 52
[6.20 (a) Gate voltage and switch voltage of S1 (b) Gate voltage and switch |
| voltage S2| . . . . . L L 53
[6.21 (a) Gate voltage and switch voltage of S3 (b) Gate voltage and switch |
| voltage S4| . . . . . . 53
[6.22 (a) Gate voltage and switch voltage of S1 during turn - on time (b) |
| Gate voltage and switch voltage S1 during turn - off time|. . . . . . . 54
[6.23 (a) Gate voltage and switch voltage of S2 during turn - on time (b) |
[ Gate voltage and switch voltage S2 during turn - off time|. . . . . . . 54
[6.24 Gate signals of switches S1, S2 during turn - on time| . . . . . . . .. 55
[6.25 Gate signals of switches S1, S2 during turn - off time| . . . . . . . . . 56
[6.26 Gate signals of switches S1, 53 during turn - on time| . . . . . . . . . 56
[6.27 Gate signals of switches S1, S3 during turn - off time| . . . . . . . . . 57
[6.28 Gate signals of switches S1, 54 during turn - on time| . . . . . . . . . o7
[6.29 Gate signals of switches S1, S4 during turn - off time| . . . . . . . .. 58
6.30 (a) Switch voltages S1, S2 (b) Switch voltages S3, S4| . . . . .. .. 58

6.31 (a) Gate voltage and switch voltage of S1 (b) Gate voltage and switch |
[ voltage S2| . . . . . .. 59




LIST OF FIGURES

x1

[6.32 (a) Gate voltage and switch voltage of S3 (b) Gate voltage and switch |

| voltage S4| . . . . . . 59
[6.33 (a) Gate voltage and switch voltage of S1 during turn - on time (b) |

| Gate voltage and switch voltage S1 during turn - off time|. . . . . . . 60
[6.34 (a) Gate voltage and switch voltage of S2 during turn - on time (b) |
[ Gate voltage and switch voltage S2 during turn - off time|. . . . . . . 60




Contents

Certificate ii
[Acknowledgement)| iii
[Abstractl v
[Abbreviations| vi
(Nomenclaturel vii
[List of Tables| vii
[List of Figures| ix
Contents xii
(1__Introductionl 1
(L1 General Overview| . . . . . . . . . .. . ... 1
(1.2 Problem Identification| . . . . . . . . .. ... ... ... ... 2
(1.3 Objective] . . . . . . . . . . 4
(1.4 Literature Survey| . . . . . . . . .. ... 5

2 Voltage Balancing Topologies| 8
I Tntroductionl . . . . . . . . . ... 8
[2.2  Voltage Balancing by Passive Snubber| . . . . . . ... ... ... .. 10
[2.3  Voltage Balancing by Active Gate Control Methods . . . . . . . . .. 11
[2.3.1 Voltage Balance by Enlarging Miller Effect Zone|. . . . . . . . 11

[2.3.2  Voltage Balance by Gate Signal Delay] . . . . . ... ... .. 11

[2.3.3  Voltage Balance by Master - slave . . . . . . .. ... ... .. 11

[2.3.4 Voltage Balance by Reference Voltage Method| . . . . . . . .. 12

[2.3.5  Voltage balance by Active Gate Control using Resistor, Capac- [

[ itor and Diodef. . . . . . ..o 13
[2.3.6  Voltage Balance by Gate Balancing Corel . . . . . . . . . . .. 13

2.4 Voltage Clamping Method| . . . . . . . .. ... ... .. ... .... 14
[2.4.1 Voltage Clamping by Zener Diode | . . . . . ... ... .. .. 14

[2.4.2  Voltage Clamping by Zener Diodes and Capacitors| . . . . . . 14

[2.4.3  Voltage Clamping by Diodes and Capacitors| . . . . . . . . .. 15

xii



CONTENTS xiii
[2.5  Comparative Analysis of Voltage Balancing Topologies for Series Con- [
[ nected IGBTS . . . . . . . ... 16
[3  Adopted Topology| 17
BI TIntroductionl . . . . . . . . . ... 17
[3.2  Features of the Adopted Topology|. . . . . . . .. .. ... ... ... 18
[3.3  Operation Principle] . . . . . . ... ... ... o000 19
[3.4 Modes of Operation|. . . . . . . . .. ... ... ... ... ... 20
[4  Design Parameters of Adopted Topology| 26
(4.1  Design Criteria for Capacitors| . . . . . . . . . ... ... .. .. ... 26
[4.2  Design Criteria for Resistors| . . . . . . .. ... ... ... ... ... 28
B Simulation Studies 29
[>.1  Dynamic Voltage Balancing ot Four Series Connected IGBTs| . . . . . 29
6.2 Simulation Studies for 250V] . . . . . .. ..o 30
.3 Simulation Studies for 500V] . . . . . . ..o oo 36
6 _Hardware Results| 42
[6.1 Dynamic Voltage Balancing ot Four Series Connected IGBT| . . . . . 42
6.2 Hardware Results for 250 VI . . . .. .. ... .. .00 49
6.3 Hardware Results for 500 VI . . . .. ... ... ... ... ... .. 55
(7__Conclusions and Future Workl 62
[(1 Conclusion|. . . . . . ... . 62
(7.2 Future Scope| . . . . . . ... 63
[Referencesl 64



Chapter 1

Introduction

1.1 General Overview

In recent year, due to increase in the growth of power electronics in power semicon-
ductors devices, and their application in high power modulators, control techniques,
power converter circuit topologies, industrial drives and high-power traction drives,
high voltage dc transmission system (HVDC) and flexible ac transmission system
(FACTS). Transmission systems require a large number of switches to be connected
in series which can handle high amount of power and voltage.

Generally, there are three types of method to improve the rated voltage of power
electronic converter, which are employing transformers at the input and output of
converter, adopting multilevel topology and applying devices in series connection.
However, by employing transformers there is increase in size and cost of converter,
adopting the multilevel topology with more voltage levels, the structure and con-
trolling of converter becomes complicated. By employing series connection of power
semiconductor devices which is equal to construct a device with higher voltage rat-
ing than normal device. Applying devices in series connection is the most effective,
low-cost, highly reliable and direct measure to increase the rated voltage of power

electronic equipment [I].
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Compared to other power semiconductor devices such as silicon controlled rectifier
(SCR), integrated gate commutated thyristor (IGCT) and gate turn of thyristor
(GTO), insulated gate bipolar transistor (IGBT) is widely used. IGBT is a device
which is a combination of metal oxide semiconductor field effect transistor (MOS-
FET) and bipolar junction transistor (BJT) with advantages such as high switching
speed like MOSFET, less conduction loss like BJT, low driving complications etc.
Therefore IGBTs are widely used in high power converters. Hence, series connection

of IGBTs has been mostly used due it’s following advantages:

e Higher switching frequency than other device.

Self turn - off capability than silicon controlled rectifier (SCRs).

Long life of switches.

Simple driving circuit.

Faster switching transient characteristics than GTOs.

1.2 Problem Identification

With growth of power semiconductor devices, IGBTs with higher rating of voltage
have been developed which are used in high - power converters for traction drives,
industrial drives etc. To obtain the higher rating of converters, numbers of IGBTs
are connected in series.

The main problem for the series connected IGBTs is voltage unbalance during tran-
sient (dynamic) and static (steady) states. The operating voltage of series string of
the IGBT modules is higher than individual operating voltage of IGBT modules and
ideally the voltage should be shared equally in series string of the IGBT modules.
The unequal distribution of voltages in the series string of IGBT modules is mainly

due to following parameters:
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e Unequal leakage current of the device;
e Mismatch in the switching characteristics;

e Unequal gate drive delay signals.

Figure [I.1] shows the voltage unbalance due to parameters variation of IGBTSs in the
series connection and Figure|l.2|shows the voltage unbalance due to gate signals delay

in which switch S represents the different positions.

Veel

Vee2

Veeld

L] L] Lol

Figure 1.1: Unequal parameters of IGBT's

Veel

Vce2
Vee3

»time

kb

Turning-on Turn-on Turning - off Turn - off

Figure 1.2: Voltage unbalance due to gating signal delay
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Generally, the main problems with series connection of the IGBTSs is unsynchronized
timing of the gate signal, which leads to increase in the over voltage during transients
(dv/dt) in different rates. Also, it reaches to unbalanced peak due to difference in
the switching characteristics and its parameters. Steady - state voltage unbalance
depends upon the difference in the leakage currents. This unbalance in the voltage
may exceed the individual rated voltage of the device which leads to the failure of the

device. As a result there is a failure of the entire series string of the IGBT modules.

1.3 Objective

The main aim of this project is to design and implement the simple active gate control
circuits for series connected IGBT modules, which guarantee the safe operation and
equal sharing of voltage during static and dynamic condition. Use of active gate
control circuit with passive elements like resistors, capacitors and diodes has following

advantages:

e Reduces the complexity of the driving circuits;

No need of external snubber capacitors;

Low cost;

Compact in size ;

It can be applicable to numbers series connected devices;

No closed loop feedback sensing control is required.
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1.4 Literature Survey

Recent growth of power electronics due to power semiconductor devices and their
applications in the industrial drives, HVDC and FACTS requires series connection of
the IGBTSs to increase the power and voltage rating of the converter [I], [2]. Mainly

there are three methods to increase the voltage of converter [1]:
e By employing transformers at input and output of converter;
e Adopting multilevel topology;
e Applying the series connection of the power semiconductor devices.

There are different types of voltage balancing topologies for series connected IGBTSs
which can maintained the voltage during steady and dynamic conditions. Mainly in

the series connection of IGBTS, there are three types of voltage balancing circuits [2]:
e Voltage balancing by passive snubbers circuits;
e Voltage balancing by active gate control circuits;
e Voltage balancing by voltage clamping circuits.

Active gate control circuit is less used in compare with passive snubbers and active
clamping, because passive snubbers can be easily implemented with less complexity.
But active gate control circuit ensures voltage balancing with low switching losses of
IGBTs [2].

As IGBT is the hybrid combination of MOSFET and BJT it has advantages such as
high switching speed and low conduction losses. Hence IGBT is more preferred for
series connection in compare to other devices. The main issues in series connection is
to balance the voltage during static and dynamic condition. The voltage imbalance

can be created by following parameters: [3].
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e Unequal leakage currents;
e Unsynchronized gating signals;
e Due to variation in the output capacitance;

e Mismatch in the switching characteristics.

The passive snubbers circuits by using large value of snubber capacitors decreases
the voltage imbalance but at the same time it increases the power losses and turn -
off timings of the devices. Due to this the device is not operated at high switching
frequencies. By using passive snubbers as voltage balancing circuit, the circuit be-
come simple, it can be applicable to number of the series connected devices and the
switching losses of the device is also reduced [4].

Voltage balancing through gate signal adjustments is to control the voltage imbalance
during static and dynamic conditions. In this method closed loop feedback circuit is
required which complicates the control circuit while the voltage balancing circuits is
independent of the switching speed as all control action is done on the gate terminal
[5].

The three different voltage balancing methods for series connected IGBTs with active

clamping circuits on the gate side [6], [7]:
e Zener diode strings with resistor in series on the collector and gate of the device;
e Reference voltage method;
e Master-slave method.

A method with simple addition in the gate drive units for the series connected IGBTs
by connecting the core with two windings between the gate drive units (GDU) and
IGBTs which ensures the voltage balancing for collector - emitter (V) [8].

A voltage clamping by zener diode which limits the V. and it also protects the cir-

cuits but at the same time it increases the power loss of the device [6], [9], [10], [12].
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The voltage balancing circuit using active gate control circuit with passive elements
which can balance the voltage during steady - state and dynamic state as it has fol-

lowing advantages: [11], [14].

Less complexity in the control circuit;

Automatic voltage balancing without closed loop control;

No special gate drive units are required;
e Minimum losses in the control circuits.

Active voltage clamping using feedback loop with transient voltage suppressors (TVS)
between collector and gate operates the IGBT in the linear region during turn - off
transients which protects the device [15]. For series connection of IGBTS the overvolt-
age can be controlled by using a active gate circuit which amplifies the gate signals
to reduce the switching transient and losses. This can be achieved by using closed
loop control [16].

The optimum number of IGBTs connected in series string mainly depends on power
loss along with reliability, switching frequency, cost, maintenance of device and volt-
age balancing circuit [I7]. Comparative analysis has been carried out between series
connected IGBTs and single high voltage - rated IGBT module in which series con-
nected IGBTs have faster turn - on and turn - off timings then single IGBT module
having high - voltage rating [18].

Voltage balancing during dynamic state of series connected IGBTs can be obtained
using voltage clamping with slope regulation by adjusting its miller capacitance and
gate current [19].

Voltage balancing circuits is designed with digital signal processor (DSP) and field
programmable gate array (FPGA) for series connected IGBT [20]. Voltage balanc-
ing circuit using auxiliary clamp circuit made from passive (LC) for series connected

IGBT with less complexity in driver circuit, low losses and high reliability [21].
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Voltage Balancing Topologies

2.1 Introduction

Presently, power electronics plays a very important role in the industry due to the
availability of high power handling devices. The high rating of switch can be obtained
by connecting the devices in series connection to attain the high power rating of the
converters [2].

The main issue in series connected IGBTs is to equally distribute the blocking voltage
across each switch connected in series string during static and dynamic state.

The series connection of IGBTs (self turn - off device) is not easy due to following

reasons:
e Unequal leakage current of the device;
e Unequal switching characteristics;
e Due to variation in the output capacitance;

e Unequal gate drive delay signals.
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There are various methods to minimize, voltage imbalance in series string of IGBTSs,
which can be classified into three main types:

1. Passive snubber circuits

2. Active gate control circuits

3. Voltage clamping circuits

The different types voltage balancing topologies available for series connected IGBTs

is shown in the Figure [2.1}

Voltage balancing topologies

Passive snubbers Active gate control Voltage clamping
Enlarge  Gate delay Master-slave Reference Active gate
miller zone  control voltage clamping
Zener clamp Zener/  Capacitor
capacitor /diode
clamp clamp

Figure 2.1: Voltage balancing topologies for series connected IGBTs
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2.2 Voltage Balancing by Passive Snubber

The passive snubber is mostly used topology for series connection of IGBTs. A series
resistor (Rg) is connected in parallel with IGBTs for static condition and resistor,
capacitor and diode (RCD) or resistor, capacitor (RC) circuit is used in parallel with
series resistors for dynamic condition.

The passive RCD snubber circuit is shown in Figure 2.2] The use of snubber capac-

R D <R
N
—|—C

ol

R D R
o 5

Figure 2.2: Voltage balancing by passive snubber

itors reduces the voltage imbalance but increases both turn - off time of the IGBT
and power loss in the snubber circuit. It reduces switching losses of IGBT but the
components used are too large in size to handle high currents and high voltages and
therefore they are costly and bulky, it can be used in robust applications. The op-
erating frequency used for snubber circuits is to kept quite low as it slows down the

switching characteristics of the IGBT [4].
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2.3 Voltage Balancing by Active Gate Control Meth-

ods

2.3.1 Voltage Balance by Enlarging Miller Effect Zone

In this method, a precharged capacitor is inserted to switch off the fastest device by
applying a positive gate pulse. During dynamic condition, the timing of inserting
capacitor and size of precharged capacitor is very important to achieve voltage bal-
ancing. Additional feedback circuit is required to sense the miller effect zone and to
take comparative action across each device.

Main advantage of this method is that passive components are not used. However
static balance can be achieved by connecting a series resistors in parallel with each

IGBT.

2.3.2 Voltage Balance by Gate Signal Delay

In this method, voltage imbalance can be controlled by adjusting gate signal to control
the steady and dynamic state. The difference in the gating signal creates a voltage
imbalance in series connected IGBTSs, to avoid this the gate signals are adjusted. To
obtain voltage balancing during static and dynamic states individual voltage balanc-
ing controllers are used, which delays gate signals according to the level of voltage
imbalance occurs. During dynamic state this method uses closed loop feedback, hence
the drawbacks of above methods is nullified [5].

Gate delay control before adjusting and after adjusting in series connection is shown

in Figure |2.3

2.3.3 Voltage Balance by Master - slave

In this method master device is kept as reference and the voltage between collector
- emitter of the slave devices are controlled by referring to the voltage of the master
device. The power losses and switching time are not increased as they are switched

with timings of the master device.
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Voltages Voltages |

- t

-1 -t

Gate signals before Gate signals after
adjusting " ting

Figure 2.3: (a) Gate signals before adjusting, (b) Gate signals after adjusting

By this method, the voltage sensing circuits become complex and costly due to this
it is only applicable to the limited number of series connected IGBTs. The control
circuit of voltage error should be sensitive to detect minimum imbalance in voltage
and should have fast reaction time. Voltage imbalance during the static condition

can be controlled by connecting a series resistors in parallel with each IGBT [6], [7].

2.3.4 Voltage Balance by Reference Voltage Method

In this method, the common reference voltage slope is set during the transient state.
High speed control circuits are required for each devices in series connection as device
voltage has to track the reference voltage. The complexity in voltage sensing and
control circuit is reduced as voltage of the device is not compared with each other. In
this technique high operational amplifiers are used hence it increases the complexity
of the gate driver circuit. The power loss of devices depends on rate of rise in the
reference voltage. The static condition can be controlled by connecting a series resis-

tors in parallel with each IGBT [6], [7].
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2.3.5 Voltage balance by Active Gate Control using Resistor,
Capacitor and Diode

A simple new voltage balancing circuit with passive elements along with active gate
control is developed. R; and R, are used for static voltage balancing and Cy, Cs,
D, and R, are used for dynamic voltage balancing. The increase in Cy voltage gives
an effect of active gate controlling action on the IGBT. IGBTSs in series connection
shows oscillations in the voltages due to resonance between capacitances and stray
inductance of the circuit. The switching losses and voltage balancing depends on
value of capacitor in the auxiliary circuit [3], [14].

Active gate control circuit is shown in Figure [2.4]

-[ |Gate drive unitI
Cu T Ry,
D] Rgl
—w—[" =,
Cn 3 % Rz
|Gate drive unitl
Cu 7 éRzn
D, Ry
L s
Cyn = §R22

Figure 2.4: Voltage balance by active gate control

2.3.6 Voltage Balance by Gate Balancing Core

By this method, the disadvantages of active gate control circuits and snubber circuits
are overcome. In this method gate wires of IGBT's connected in series are magnetically

combined with cores. Gate balancing core is coupled with each gate drive unit which
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provides a gate current whenever the delay is obtained in the switching signals. Since
each gate circuit contain two balancing cores, which makes gate side circuitry complex
and bulkier and the static condition can be controlled by connecting a series resistors
in parallel with each IGBT [§].

Circuit structure for gate balancing core is shown in Figure [2.5]

Gate balancing core

8
— F3"
Gate drive uni
S;
R,
|Gate drive unit-_|

kel

E

Figure 2.5: Voltage balancing by gate balancing core

2.4 Voltage Clamping Method

2.4.1 Voltage Clamping by Zener Diode

In this method, the zener diodes and protection circuits are used to clamp the over
voltage of the IGBTSs. In the active region, device has more power losses as the first
device has to clamp both the higher voltage and current until other the devices are
switched off, hence efficiency is reduced. This method has an advantage that it does

not require a complex circuits.

2.4.2 Voltage Clamping by Zener Diodes and Capacitors

This method is the improvement of the previous method by adding capacitor and
resistors in clamping circuit. The capacitor slows down the fastest IGBT to switch

off state and when it reaches the zener diode breakdown voltage the IGBT voltage is
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clamped [13].

Voltage clamping by zener diodes and capacitors circuit is shown in Figure [2.6]

A
r Z,

Gate drive unit

Figure 2.6: Voltage clamping by zener diodes and capacitors

2.4.3 Voltage Clamping by Diodes and Capacitors

In this method, clamping circuit made up of Cy, D; and C5, D5. In this method the
excess energy is transferred to an external load which is stored in clamping capacitors.
As the circuit contains some reactive components, hence the circuit becomes bulkier,
costly and it also increase the commutation time of the device [9].The static condition
can be controlled by connecting a series resistors in parallel with each IGBT. Voltage

clamping by capacitors and diodes is shown in Figure

D;

Ds

Gate

drive unit |

Onbc

Gate R§ I
drive unit j Dy

Figure 2.7: Voltage clamping by diodes and capacitors
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2.5 Comparative Analysis of Voltage Balancing Topolo-
gies for Series Connected IGBT's

Comparison of voltage balancing topologies for series connected IGBTSs is shown in

Table [T [2].

Table I: Comparison Table

Voltage balancing topologies Loss in voltage | Complexity in
balancing voltage balancing
circuit circuit

Passive snubbers High Less

Voltage balancing by enlarging miller effect zone | Low More

Gating signal delay Low More

Master-slave Low More

Reference voltage method Low More

Active gate control by (RCD) Low Less

Gate balancing core Low More

Zener diode clamping Low More

Voltage clamping by zener diodes and capacitor | Moderate Less

Voltage clamping by capacitors and diodes Moderate More




Chapter 3

Adopted Topology

3.1 Introduction

With growth of power semiconductor devices, IGBTs with higher rating of voltage
have been developed which is used in high - power converters for traction drives,
industrial drives etc. To obtain the higher rating of converters numbers of IGBT's are
connected in series.

The main problem for the series connection of IGBTs (self turn - off devices) is the
voltage unbalance during transient (dynamic) and static (steady) states. The static
balancing can be obtained by connecting a balancing resistor in parallel with each

IGBT. The dynamic voltage balancing can be achieved by two methods:

1. Gate side balancing
2. Load side balancing

On gate side an active clamping is used while on load side clamp circuits or snubber
circuits are used. By using snubber circuits loss is increased as it is proportional
to switching frequency and value of snubber capacitors increases with increase in
rating of switch. When gate signals are unsynchronized, the snubber circuits are not
able to achieve voltage balance during transients states. However by using active
gate control each voltage of devices has to be detected and fedback to active control

circuit which causes the complexity of the driving circuit and reduces reliability of

17
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the circuit, due to this it is only applicable to limited number of devices connected
in series. A topology of active gate control by using resistors, capacitors and diode
(RCD), which solves both static and dynamic voltage imbalance, is already proposed
in [3]. The same topology is analyzed, used and implemented in this project for series
connection of IGBTs. It consists of the three resistors, two capacitors and a diode
which is attached to each device. Compared to other active control method, this
method has simple structure as no external snubber capacitor are needed and high
reliability, low additional losses and number of devices can be easily connected in
series [3], [14].

The active gate control with RCD is shown in Figure (3.1

3.2 Features of the Adopted Topology

e Automatic voltage balancing:
By this topology, the static balancing of voltage can be achieved by connecting
a series resistors in parallel with each IGBT. The dynamic balancing of volt-
age can be achieved automatically by auxiliary circuit in which diode (D) and
resistors (Rg) provides a feedback for the switch voltage which will again turn
on the switch and this will limit the switch voltage to the normal value of the
voltage. This action is similar to active voltage clamping. Hence the dynamic
conditions can be achieved automatically without any special gate drive nor any

additional control circuit. [3], [14].

e Simple structure and low loss:
Auxiliary circuit consists of the all the passive elements which are of the small
ratings then ratings of switch (IGBT), hence the loss in the auxiliary circuit
is very low which make this circuit more efficient, economic solution and very
reliable. In this topology any other control circuit or special gate drive circuit
is not required and due to this features it can be applicable to number of series

connected IGBTs [3], [14].
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Auxiliary Circuit
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Figure 3.1: Active gate control

3.3 Operation Principle

Due to the difference in the delay time in the gate driving circuit, leakage currents,
difference in capacitance can cause a over voltage of IGBT. This problem can be
solved if the V. is controlled in the inverse proportion of the over voltage. Figure
shows the voltage difference of the IGBTs due to delay in the gate driving circuits.
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Figure 3.2: Gate voltage IGBT voltage waveform during transients

3.4 Modes of Operation

Modes of operation of series connected IGBTs are described during switching tran-
sients. Figure |3.3] shows operational waveform of active gate control for 4 IGBTs

connected in series.
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Off | t
VG2 . off — t
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1 I
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o i
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>

1

1

1
0 : ANA .
ve22 | .vpcn | \
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i
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Mode 2 :Vlndc%i Mode 4 i Mode 1
| |

Figure 3.3: Operational waveform

IGBT 52 is delayed with respect to IGBTs S1, S3 and S4 (i.e IGBT S2 will turn on
later compare to IGBTs S1, S3 and S4). Hence over voltage is applied across IGBT
S2.
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e MODE 1 (Turning - on transients):
Figure[3.4] shows operation during turning on transients when gate signal is just

applied to IGBTSs, Figure shows operation during turn on transients.
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Figure 3.4: Operation during turning - on transients

During turn - on transients as IGBT S2 turns on little bit late then IGBTs S1,
S3 and S4 hence overvoltage is applied across the IGBT S2 as IGBTs 51, S3
and S4 starts to turn on. The capacitor C'22 will charge from zero to positive
to reduce the overvoltage stress across IGBT S2 when IGBT voltage is higher
then C'21. The capacitor C21 is higher in the value then C'22 so this voltage is
applied across the gate terminal of IGBT S2 through D2 and Rg2 which will
turn on the IGBT S2 slightly hence overvoltage across it is reduced significantly
and the capacitor C'22 discharges to turn it off again. At the end of model,
voltage of IGBTs S1, 53, S4 and IGBT 52 reaches to zero and dynamic voltage

balancing during turn - on is achieved.
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Figure 3.5: Operation during turn - on transients

e MODE 2 (All switches are turned on):

Figure |3.6| shows operation when all switches are turn on

When all IGBTs S1, 52, S3 and 5S4 are turned - on as gate voltage is high the
capacitor C'11, C'21, C'31, and capacitor C'41 will discharge through IGBTs and
charges the capacitor C'12, C'22, (C'32, and capacitor C'42 with reverse voltage
polarity and small discharging voltage through resistors R11, R21, R31 and R41
and diodes D1, D2, D3 and D4 blocks the reverse voltage. When all IGBTs
are on the voltage ratio across capacitors will be maintained with respect to

capacitance ratio at all time in this mode.
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Figure 3.6: Operation during all switches are turn on

e MODE 3 (Turning - off transients):
Figure |3.7] shows the operation during turning - off transients.
During turning - off transients IGBTs S1, S3 and 54 will turn off little bit earlier
then IGBT 52 as it has started earlier hence overvoltage is applied across IGBTs
S1, S3 and S4. The voltage of the capacitor C'12, C'22, ('32 and capacitor C'42
will change from negative to zero and an additional signal is generated through
Rgl, Rg2, Rg3 and Rg4. Hence the overvoltage is clamped to a reference value.

Thus dynamic voltage balancing is achieved during turning - off transients.
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Figure 3.7: Operation during turning - off transients

e MODE 4 (All switches are turned off):

Figure |3.8| show the operation when all the switches are turned off

24

When all IGBTs S1, 52, S3 and 5S4 are turned - off gate signal is low. The

switch current reaches to zero and load current will freewheel through load diode

when inductive load is connected. At end of this mode the static balancing of

voltage is achieved through resistors.
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The voltage balancing of series connected IGBTs can be obtained by auxil-

iary circuit with active gate control during dynamic and steady states. Static

balancing resistors (R) connected in parallel across each IGBTs to achieve the

voltage balancing during steady state. Capacitors (C), diodes (D) and feedback
resistors (Rg) are used to obtained dynamic voltage balancing.

The value of capacitors (C), static balancing resistors (R) and feedback resistors

(Rg) is derived in the next chapter.



Chapter 4

Design Parameters of Adopted
Topology

4.1 Design Criteria for Capacitors

Load current decreases linearly during turn-off transients of IGBTs.
Figure [4.1] shows the waveform of capacitor voltage and load current during turn -

off.

b t

|
I
|
0

Figure 4.1: Capacitor voltage and load current during turn - off

The voltage of capacitor is designed with V.. at t=t

26
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(Zrty)
Vee = 4.1
2xC (4.1)
hence minimum value of C can be obtained from equation [4.1
(Lrty)
C > 4.2
X V. (4.2)

Damping ratio £ is to be small to avoid large voltage peaks, where £ cannot be so
small otherwise it will damage device due to large surges. Damping ratio should not
be larger then unity as it decreases switching times which will increase the time to

obtain a stable situation. Hence £ should be chosen less than unity [4].

. Rload C
B 2 Lload

3 <1 (4.3)

Maximum value of C can be obtained by rearranging the equation 4.3

4Ll0ad

C<
2
Rload

(4.4)

Hence, the value of C can be obtained by combining equation 4.2| and equation 4.4

Ity 4L10ad
<C<
2‘/00 Rl20ad

(4.5)

The capacitors value C'11 should be greater than C'12 as C'11 should remain constant
during small transition time and the voltage across C'11 is considered as the reference
voltage. In each switching interval there will be a charging and discharging of C'12
as it has to generate an additional signal. When it charges from zero to positive a
signal is generated to turn on switch at which overvoltage is occurred. If the value of
C'12 is chosen high it will create an impact on current during turn - on as a result the
turn - off time will be longer and if the value of C'12 is chosen too low it will create
oscillations during turn - off time [4], [14]. Hence generally 10% of C'11 is enough for
C12.
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4.2 Design Criteria for Resistors

For static balancing voltage - dividing resistors R11, R12 are used which are connected
parallel across each IGBT. If dividing resistors R11, R12 are too small, the static
balancing will be achieved as it will help to detect the overvoltage across IGBT by
decreasing the voltage of C'11 but losses would increase. If dividing resistors R11,
R12 are too big, static balancing will not be achieved.

Generally, value of voltage dividing resistor R11, R12 is designed by R11/ R12 = 10.
The current to the IGBT is provided by feedback resistor Rg during transients and
which reduces dynamic oscillations. If the of value feedback resistor Rg is too small,
then it will increase the turn - off time of IGBT and if it is too big the feedback will
not be provided [3], [14].

The fast recovery diode should be selected whose reverse - blocking voltage should be
high. Diode separates the auxiliary circuit and gate terminal of IGBT during steady

- state.



Chapter 5

Simulation Studies

5.1 Dynamic Voltage Balancing of Four Series Con-

nected IGBT's

DC supply voltage source is generated by three - phase uncontrolled rectifier and its
output is fed to capacitor bank to obtain pure DC voltage. Generated DC voltage is
given to series link of IGBT modules with its auxiliary circuit. Gate signals for IGBT
modules are generated by control card which generates the four gating signals where,
three gating signals are same and one gating signal is delayed. Figure [5.1] shows the

block diagram of series connected IGBTs.

Three Phase Three Rectifier Capacitor IGBT in Series Load
Input Supply ™| Phase [ ™ Bank > Connection M
Variac with its Voltage
Balancing
Circuit

A

Display - Gate Driver

Circuit
3

DSP
TMS320F28335

Control Card

Figure 5.1: Block diagram of series connected IGBT's

29



CHAPTER 5. SIMULATION STUDIES 30

5.2 Simulation Studies for 250V

Computer simulation is done in PSpice for dynamic voltage balancing of series con-
nected IGBTs.
Simulation model for 250V is created with following specification is shown in Table

0

Table I: Specification of Simulation Model for 250 V

Parameters Value
Supply DC Voltage V. 250 V
Load Current I, 22.26 A
Switching Frequency 5 Khz
Delay time 300 ns
Load Resistor Ry ouq 11 Q
Capacitor (C11, C21, C31, C41) 300 nF
Capacitor (C12, C22, €32, C'42) 30 nF
Resistor (R11, R21, R31, R41) 3 k)
Resistor (R12, R22, R32,R42) 0.3 kQ
Feedback Resistor (Rgl, Rg2, Rg3, Rg4) | 56 2

Figure [5.2] shows the gating signals with same signals for switches S1, S3, S4 and
gating signal for S2 is delayed by 300 nsec during turn - on time.

150

1809 g1, ues, uss

PO Ao EC mALo

504

au T T T T T
196 .6000Ns 196 .6005ns 196 .6818ms 196.6015ms 196 .6020ms 196.60825ms
o U(31:G,81:E) + U(S2:6,82:E) =+ VU($3:6,33:E) - U{S4:G,S4:E)
Time

Figure 5.2: Gating signals with delay during turning - on time
[X-axis: 1 div: 0.5 p sec, Y-axis: 1 div: 5 V]

Figure [5.3| shows the simulated waveforms voltage across switches during turn - on,



CHAPTER 5. SIMULATION STUDIES 31

where switch S2 is delayed by 300 nsec then S1, S3 and S4. Hence the overvoltage
is obtained across S2. The voltage of capacitor C'22 will charge from zero to positive,
this voltage of capacitor C'22 is applied across gate terminal of switch S2 through D2,
Rg2 which will turn - on switch S2 slightly and overvoltage during turn - on time

is reduced. In this way voltage balanced is achieved during turn - on time. Figure

-y
]
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| Us1, us3, usy

MO UAROEC TOfREZ®
@
2
z

=

=

Z
n

T T T T
196.6086ns 196.60108ms 196 .6020ns 196 .6030ms
o U{S1:C,S1:E) - U(82:C,52:E) ~ U(S3:C,83:E) - U(S4:C,Sh4:E)
Time

Figure 5.3: Switch voltages during turning - on time
[X-axis: 1 div: 1m sec, Y-axis: 1 div: 40 V]

5.4 shows capacitor voltage of C'12, C22, C'32 and (C'42 during turn - on time. The
overvoltage across S2 charges capacitor C'22 to clamp the overvoltage by providing

an additional signal to turn on S2 again.
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MO E SoMREROT Ao
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o U(C12:1,612:2) + U(C22:1,C22:2) = U(C32:1,C32:2) -~ U(C42:1,Cu42:2)
Time

Figure 5.4: Capacitor voltages during turning - on time
[X-axis: 1 div: 0.5 p sec, Y-axis: 1 div: 40 V]
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Figure [5.5| shows the gating signals for switches S1, 52, S3 and S4 during steady
on state. Figure |5.6| shows voltages of switches S1, 52, S3 and 5S4 during steady on

state.
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Figure 5.5: Gate signals during turn - on
[X-axis: 1 div: 0.8 u sec, Y-axis: 1 div: 4 V]
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Figure 5.6: Switch voltages during steady on state
[X-axis: 1 div: 0.4 p sec, Y-axis: 1 div: 0.5 V]
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Figure shows the gating signals with same signals for switches S1, S3, S4 and
gating signal for S2 is delayed by 300 nsec during turn - off time. Figure |5.8| shows

15U
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100+ y//
////”

UG1, UG3, UGH

TEMAFOE DA @
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au
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o U{§1:6,51:E) » U(S2:G,52:E) ~ U(S3:G6,S3:E) - U{SL:G,54:E)

Time

Figure 5.7: Gating signals with delay during turning - off time
[X-axis: 1 div: 0.8 p sec, Y-axis: 1 div: 5 V]

the simulated waveforms voltage across switches during turn - off time, where switch
S2 is delayed by 300 nsec then S1, S3 and S4. Hence the switches S1, 53 and 5S4 will
turn - off earlier and overvoltage is obtained across them. If the overvoltage across
them increases over the steady - state voltage then a gate signal is generated and
voltage across them is reduced. This way voltage balanced is achieved during turn -

off time. Figure [5.9|shows capacitor voltage of C'12, C'22, C'32 and C'42 during turn -

us1, USK usy
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=
n

PEOLMHEDE TOMEEZ®K
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196.58ms 196.51ms 196.52ns 196.53ms 196 .54ns
o U{S1:C,S1:E) » U{S2:C,S2:E) - U{S3:C,S3:E)} = U{S4:C,S4:E)

Time

Figure 5.8: Switch voltages during turning - off time
[X-axis: 1 div: 10 p sec, Y-axis: 1 div: 20 V]

off time. The capacitor voltage of C'12, C'22, C'32 and C'42 will change from negative
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to zero to reduced the overvoltage across switches S1, S3 and S4. Figure [5.10| shows
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Time

Figure 5.9: Capacitor voltages during turning - off time

[X-axis: 1 div: 4m sec, Y-axis: 1 div: 20 V]

gate voltage of switches S1, 52, S3 and S4 during steady off state.
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Time

Figure 5.10: Gate signals during turn - off
[X-axis: 1 div: 10 p sec, Y-axis: 1 div: 4 V]
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Figure [5.11| shows voltages of switches S1, S2, S3 and S4 during steady off state.
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Figure 5.11: Switch voltages during steady off state

[X-axis: 1 div: 10 u sec, Y-axis: 1 div: 40 V]
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The voltage balancing during steady - state can be achieved by connecting a series

resistors in parallel with each IGBT.
Figure shows switch voltages of S1, S2, S3 and S4 with imbalance of 8.5V for
250V DC supply.

Mo uUMHDE TOMmAEZ®
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o U(S1:C,S1:E) < U{S2:C,S82:E) v VU(S3:C,S83:E) = U{SH:C,S4:E)
Time

Figure 5.12: Switch voltages during steady - state
[X-axis: 1 div: 0.1m sec, Y-axis: 1 div: 40 V]
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5.3 Simulation Studies for 500V

Simulation model for 500V is created with following specification is shown in Table

[T

Table II: Specification of Simulation Model for 500 V

Parameters Value
Supply DC Voltage V. 500 V
Load Current I7, 38.46 A
Switching Frequency 5 Khz
Delay time 300 ns
Load Resistor Rr 44 13 Q
Capacitor (C11, C21, C31, C41) 300 nF
Capacitor (C12, C22, C32, C42) 30 nF
Resistor (R11, R21, R31, R41) 3.2 kQ
Resistor (R12, R22, R32, R42) 0.4 kQ
Feedback Resistor (Rgl, Rg2, Rg3, Rg4) | 56 €2

Figure [5.13] shows the gating signals with same signals for switches S1, S3, S4 and
gating signal for S2 is delayed by 300 nsec during turn - on time. Figure shows

-
\n
=

-
=
=

4 UG1, UE3, UGH

mE o C [ T T ]

U+

ay T T T T T
196 .6888ns 196 .6 865ms 196.608108ns 106.6815ms 196682 8ms 196.60825ms
o U(S1:G,S1:E) o U(S2:G,52:E) v U(S3:G,53:E) =« U(S4:G,S4:E)
Time

Figure 5.13: Gating signals with delay during turning - on time
[X-axis: 1 div: 0.5 p sec, Y-axis: 1 div: 5 V]

the simulated waveforms voltage across switches during turn - on, where switch S2

is delayed by 300 nsec then S1, S3 and S4. Hence the overvoltage is obtained across
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S2. The voltage of capacitor C22 will charge from zero to positive, this voltage of
capacitor C'22 is applied across gate terminal of switch S2 through D2, Rg2 which
will turn - on switch S2 slightly and overvoltage during turn - on time is reduced.

In this way voltage balanced is achieved during turn - on time. Figure [5.15| shows

pid s 1]

Us1, US3, Usy

mE MO E ToMEZYn
a -
= o]
= =
< <

au

T T T T T
196.6086ms 196.6084ns 196.6012ms 196.6816ms 196 .602uns
o U(S1:C,51:E) < U({S2:C,82:E) = U(S3:C,S53:E) = U(S4:C,S4:E)
Time

Figure 5.14: Switch voltages during turning - on time
[X-axis: 1 div: 0.4 p sec, Y-axis: 1 div: 50 V]

capacitor voltage of C'12, C'22, ('32 and (C'42 during turn - on time. The overvoltage
across S2 charges capacitor C'22 to clamp the overvoltage by providing an additional

signal to turn on S2 again.

106y

uc1z, Uc3z, Ucuz

-

PO MHOCE TOoOMMOLTLUO

—-188U+

T T T T
196.60080ns 196 .6008ms 1926.6016ms 196 .6024ns
o U{C12:1,012:2) « U({C22:1,022:2) » U(C32:1,C32:2) . U(C42:1,CH2:2)
Time

Figure 5.15: Capacitor voltages during turning - on time
[X-axis: 1 div: 0.8 p sec, Y-axis: 1 div: 100 V]
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Figurgd.16| shows the gating signals for switches S1, S2, S3 and S4 during steady on

state. Figure

state.

MO MO S DAL

MO RO C TO MRS W

[5.17] shows voltages of switches S1, S2, S3 and S4 during steady on

160
UG1, UG2, UG3, UGh
120
U+
Ly T T T T
196 . 683 Bns 196.6835ns 196.6848ms 196 . 6845ns 1946 . 685 Bms
o U(S1:G,S1:E) ¢ U(S2:G,S2:E) v U(S3:G,S3:E) = U(SL:G,S4:E)
Time
Figure 5.16: Gate siganls during turn - on
[X-axis: 1 div: 0.5 p sec, Y-axis: 1 div: 4 V]
2.80
Us1, Us2, US3, Ush
1.50 =
1.8V
8.5
a T T T T
196.6038ms 196.6035ns 196.0048ms 196 . 6845ns 196.6050ns
o U{S1:C,81:E) - U{S2:C,S2:E)} = VU({S3:C,S3:E) = U{Sh:C,Sh4:E)}
Time

Figure 5.17: Switch voltages during steady on state
[X-axis: 1 div: 0.5 p sec, Y-axis: 1 div: 0.5 V]
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Figure [5.18| shows the gating signals with same signals for switches S1, S3, S4 and
gating signal for S2 is delayed by 300 nsec during turn - off time. Figure [5.19] shows

UG1, UG3, UGh

5U+

oy T T T T T
196 .50088ns 196 .50085ns 196.5018ns 196.5615ns 196.5020ms 196 .5025ms
o U(S1:6,51:E) + U(S2:6,32:E) © U(S3:6,53:E) - U(S4:G,54:E)
Time

Figure 5.18: Gating with delay during turning - off time
[X-axis: 1 div: 0.5 p sec, Y-axis: 1 div: 5 V]

the simulated waveforms voltage across switches during turn - off time, where switch
S2 is delayed by 300 nsec then S1, S3 and S4. Hence the switches S1, S3 and 5S4 will
turn - off earlier and overvoltage is obtained across them. If the overvoltage across
them increases over the steady - state voltage then a gate signal is generated and
voltage across them is reduced. This way voltage balanced is achieved during turn -

off time.

156U

us1, US3, USH

186U

mEAHESE TOAREZ®W

oy T T T T T T
196.50808ms 196.5010ms 196.5020ns 196.5838ms 196 .5848ms 196.5058ns
o U{S1:C,S1:E) » U{S2:C,S2:E) - U(S3:C,S3:E) = U{S4:C,S4:E)
Time

Figure 5.19: Switch voltages during turning - off time
[X-axis: 1 div: 1 p sec, Y-axis: 1 div: 50 V]
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Figure [5.20| shows capacitor voltage of C'12, C'22, C'32 and C'42 during turn - off time.
The capacitor voltage of C'12, €22, ('32 and C42 will change from negative to zero
to reduced the overvoltage across switches S1, S3 and S4. Figure shows gate

[
a
p 188U uc12, Uc32, UcuL2
a
[ \
i
t
o
r
u \
o U7 vcz2
1
t
9
e
-100V-
T T T T
196.5080ns 196.581ns 196.5682ns 196.5083ns 196.504ms  196.585ms
o U(E12:1,612:2) « U(C22:1,022:2) = U(C32:1,032:2) = U(CL2:1,042:2)
Time

Figure 5.20: Capacitor voltages during turning - off time
[X-axis: 1 div: 1 u sec, Y-axis: 1 div: 100 V]

voltage of switches S1, S2, S3 and S4 during steady off state.

g 15V
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1 168U
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UG1, VG2, UG3, UGh
Lo
o T : : T ;
196 .555ms 196 5605 196 .565ns 196.570ns 196 .575ms 196.586ns 196 .585ns
o U(S1:G6,S1:E) o U{S2:G,52:E) °» U(S3:6,S3:E) ~ U(S4:G,SH:E)

Time

Figure 5.21: Gate signals during turn - off
[X-axis: 1 div: 5 p sec, Y-axis: 1 div: 5 V]
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Figure [5.22 shows voltages of switches S1, S2, S3 and S4 during steady off state.

T A E TOMfHEEN

150U
Us1, US3, Ush

\

180U usz

50U+

av T T T T T T
196.550ms 196.555m5 196.560ms 196.565ms 196.570ms 196 .575ms 196 .580ms 196.585ns
o U{81:C,S1:E) - U{S2:C,82:E) o U({S3:C,S3:E) - U{SAH:C,Sh:E)
Time

Figure 5.22: Switch voltages during steady off state
[X-axis: 1 div: 5 p sec, Y-axis: 1 div: 50 V]

The voltage balancing during steady - state can be achieved by connecting a series

resistors in parallel with each IGBT. Figure [5.23| shows switch voltages of S1, 52, 53
and S4 with imbalance of 7.5V for 500V DC supply.

MO MAMRDC TO MRS W

288U+
Us1, US3, Usy
L,»—4ﬂ444k47 pr—w44€447 bo—a—a—
(,ﬁg———ﬂ*——— \ — 7.5 U (FAA————F——d (,_4———4—————
108U us2
au
195.1nms 195.2ms 195 .3ms 195 _hms 195.5ms 195 _6ms 195.7ms 195_8nms
o U(81:C,81:E) ¢ VU(82:C,82:E) » U{S83:C,83:E) - U(S4:C,S4:E)

Time

Figure 5.23: Switch voltages during steady - state
[X-axis: 1 div: 0.1m sec, Y-axis: 1 div: 100 V]



Chapter 6

Hardware Results

6.1 Dynamic Voltage Balancing of Four Series Con-

nected IGBT

DC supply voltage source is generated by three - phase uncontrolled rectifier and its
output is fed to capacitor bank to obtain pure DC voltage. Generated DC voltage
is given to series link of 1200V,200A IGBT modules with its auxiliary circuit. Gate
signals to IGBT modules are generated by control card which generates the four
gating signals, where three gating signals are same and one gating signal is delayed.

Figure |6.1| shows the hardware setup of series connected IGBTs .

SR [GBTs

Auxiliary
eincuit

R ——

Figure 6.1: Hardware setup of series connected IGBT's

42
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Figure shows the gating signals of switches (S1, S2, S3 and S4) without delay.

Az10 U B=10U Csiol D=io U  20ps Trig: AT

Figure 6.2: Gating signals without delay
Red Colour: Gate signal of S1 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 10 V]
Blue Colour: Gate signal of S2 [X-axis: 1 div: 20 sec, Y-axis: 1 div: 10 V]
Black Colour: Gate signal of S3 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 10 V]
Green Colour: Gate signal of S4 [X-axis: 1 div: 20p sec, Y-axis: 1 div: 10 V]

Figure [6.3| shows the switch voltage waveforms of S1 and S2.

-

s : ; : e : : : (-
ﬂmil]l]U 20ps _ Trig: BI B=5lll.l

Figure 6.3: Switch voltages of switches S1, S2
Red Colour: Switch voltage of S1 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100 V]
Blue Colour : Switch voltage of S2 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 50 V]
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Figure [6.4] shows the switch voltage waveforms of S3 and S4.

| DFEIITO  20ms  Trig: BY B=100 U

Figure 6.4: Switch voltages of switches S3, S4
Red Colour: Switch voltage of S3 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100 V]
Blue Colour : Switch voltage of S4 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100 V]

Figure [6.3) and Figure shows switch voltages of switches S1, 52, S3 and 54
without delay in the gate signals which shows unbalance in the switch voltages due
to mismatch in the switching characteristics, unequal leakage currents and due to
variation in the output capacitance.

Figure[6.5]shows gating signals of switches with delay of 300 nsec between two switches

S1 and S2 during turn - on time.

|

Figure 6.5: Gate signals of switches S1, S2 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 500 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of 52 [X-axis: 1 div: 500 nsec, Y-axis: 1 div: 10 V]
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Figure[6.6)shows gating signals of switches with delay of 300 nsec between two switches
S1 and S2 during turn - off time.

82060 3000 ns Z00M 16/

| SETION etons Br i sows BTN |

Figure 6.6: Gate signals of switches S1, S2 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 200 nsec, Y-axis: 1 div: 10 V]
Blue Colour :Gate signal of S2 [X-axis: 1 div: 200 nsec, Y-axis: 1 div: 10 V]

Figure shows gating signals of switches between two switches S1 and S3 in which
delay of few nsec is observed due to gate driving circuit parameters variation during

turn - on time.

BEE’-‘IU _ "%'Uﬂ35us | Z00M 16/

| EFSTION  idins irio: b BT

Figure 6.7: Gate signals of switches S1, S3 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of S3 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
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Figure shows gating signals of switches between two switches S1 and S3 in which

delay of few nsec is observed due to gate driving circuit parameters variation during

turn - off time.

| BFSTION  Sins Biid.dtws ST |

Figure 6.8: Gate signals of switches S1, S3 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]|
Blue Colour : Gate signal of S3 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]

Figure shows gating signals of switches between two switches S1 and 5S4 in which

delay of few nsec is observed due to gate driving circuit parameters variation during

turn - on time.

| ST Sins it 5i BT |

Figure 6.9: Gate signals of switches S1, S4 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of 54 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
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Figure|6.10[shows gating signals of switches between two switches S1 and S4 in which

delay of few nsec is observed due to gate driving circuit parameters variation during

turn - off time.

' IS  100ns BY NG B=10U |

Figure 6.10: Gate signals of switches S1, S4 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V|
Blue Colour : Gate signal of 54 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]

Figure shows the switch voltage waveforms of S1 and S2.

Figure 6.11: Switch voltages of switches S1, 52
Red Colour: Switch voltage of S1 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100 V]
Blue Colour : Switch voltage of S2 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 10 V]
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Figure shows the switch voltage waveforms of S3 and S4.

Figure 6.12: Switch voltages of switches S3, S4
Red Colour: Switch voltage of S3 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100 V]
Blue Colour : Switch voltage of S4 [X-axis: 1 div: 20p sec, Y-axis: 1 div: 200 V]

Figure and Figure [6.12] shows switch voltage waveforms of S1, S2 and 53, S4
with delay of 300 nsec between switch two switches S1 and S2 during turn - on
and turn - off time without auxiliary circuit. Hence their is unbalance in the switch
voltages during turn - on, turn - off and steady - state time due to unsynchronized

gate driving signals .
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6.2 Hardware Results for 250 V

Hardware prototype is created with following specification is shown in Table [I}

Table I: Specification of Hardware Model for 250 V

Parameters Value
Supply DC Voltage V. 250 V
Load Current I, 22.26 A
Switching Frequency 5 Khz
Delay time 300 ns
Load Resistor Ryouq 11 Q
Capacitor (C11, C21, C31, C41) 300 nF
Capacitor (C12, C22, €32, C'42) 30 nF
Resistor (R11, R21, R31, R41) 3 k)
Resistor (R12, R22, R32, R42) 0.3 kQ
Feedback Resistor (Rgl, Rg2, Rg3, Rg4) | 56

Figure [6.13| shows gating signals of switches with delay of 300 nsec between two

switches S1 and S2 during turn - on time.

|

| BTN Soons Trio: b1 “ezi0u i

Figure 6.13: Gate signals of switches S1, 52 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 500 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of 52 [X-axis: 1 div: 500 nsec, Y-axis: 1 div: 10 V]
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Figure [6.14] shows gating signals of switches with delay of 300 nsec between two

switches S1 and S2 during turn - off time.

| 82060 3000 ns mmma'c

| SETION etons Br i sows BTN |

Figure 6.14: Gate signals of switches S1, S2 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 200 nsec, Y-axis: 1 div: 10 V]
Blue Colour :Gate signal of S2 [X-axis: 1 div: 200 nsec, Y-axis: 1 div: 10 V]

Figure shows gating signals of switches between two switches S1 and S3 during

turn - on time.

B2o40y %0035 Zoom 16

| BTN ibins irio: b1 BT

Figure 6.15: Gate signals of switches S1, S3 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of S3 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
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Figure [6.16| shows gating signals of switches between two switches S1 and S3 during

“t200v 7 250ne Dl zoomis ks

o ISR |

Figure 6.16: Gate signals of switches S1, S3 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of S3 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]

Figure shows gating signals of switches between two switches S1 and S4 during

turn - on time.

50ns  Trig: Bf

Figure 6.17: Gate signals of switches S1, S4 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of S4 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
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Figure shows gating signals of switches between two switches S1 and S4 during

turn - off time.

RmIl] U 100ns_ BI —Hefdd.fus Bmlll u

Figure 6.18: Gate signals of switches S1, S4 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of 54 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]

E3 g HIGH +264 U
if U Low +256 U

o | ]

A=50 U B=50 0 C=50 0 D=50 U  20ps Trig: BI

Figure 6.19: Switch voltages with auxiliary circuit
Red Colour: Switch voltge of S1 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 50 V]
Blue Colour: Switch voltage of S2 [X-axis: 1 div: 20 sec, Y-axis: 1 div: 50 V]
Black Colour: Switch voltage of S3 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 50 V]
Green Colour: Switch voltage of S4 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 50 V]

Figure [6.19) shows switch voltage waveforms of S1, 52, S3 and S4 with auxiliary
circuit. In which delayed gate signal is give to switch S2. Hence, voltage balance is
achieved during turn - on time and turn - off time. During turn - on time the turn
- on spike is reduced to 80 V and turn - off spike is also reduced. Voltage imbalance
between switches is reduced to 8 V. Hence, dynamic and steady state voltage balance

is achieved by connecting an auxiliary circuit.



CHAPTER 6. HARDWARE RESULTS 93

Figure [6.20| shows gate voltages and switch voltages of S1 and 52

Figure 6.20: (a) Gate voltage and switch voltage of S1 (b) Gate voltage and switch
voltage S2

Red Colour: Switch voltage of S1, S2 [X-axis: 1 div: 20u sec, Y-axis: 1 div:50 V]
Blue Colour : Gate voltage of S1, S2 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 10 V]

Figure [6.21| shows gate voltages and switch voltages of S3 and 5S4

Figure 6.21: (a) Gate voltage and switch voltage of S3 (b) Gate voltage and switch
voltage S4

Red Colour: Switch voltage of S3, S4 [X-axis: 1 div: 20u sec, Y-axis: 1 div:50 V]
Blue Colour : Gate voltage of S3, S4 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 10 V]

Figure [6.22 shows gate voltage and switch voltage waveform of S1 during turn - on
and turn -off time.

Figure shows gate voltage and switch voltage waveform of S2 during turn - on
and turn -off time. As switch S2 is delayed by 300 nsec from switches S1, S3 and 5S4
overvoltage is applied across switch S2 during turn - on time. The voltage of capacitor
C22 will charge from zero to positive, this voltage of capacitor C'22 is applied across

gate terminal of switch S2 through D2, Rg2 which will turn - on switch S2 slightly
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Figure 6.22: (a) Gate voltage and switch voltage of S1 during turn - on time (b) Gate
voltage and switch voltage S1 during turn - off time

Red Colour: Switch voltage of S1 [X-axis: 1 div: 1u sec, Y-axis: 1 div:50 V]

Blue Colour : Gate voltage of S1 [X-axis: 1 div: 1u sec, Y-axis: 1 div: 10 V]

and overvoltage during turn - on time is reduced. During turn - off time as switch
S2 is delayed by 300 nsec from switch S1, S3 and S4, overvoltage is applied across
switch S1, S3 and S4 during turn - off time, the voltage of capacitor C'12, C'32 and
C42 will charge from negative to zero and an additional signal is generated across
gate terminal through Rgl, Rg3 and Rg4 to clamp the overvoltage. Hence, dynamic
voltage balancing is achieved during turn-on and turn - off time by generating the

feedback signal across gate terminal of the switches.

| BESCNinefviat ECETI | | BN s et ar RCETT |

Figure 6.23: (a) Gate voltage and switch voltage of S2 during turn - on time (b) Gate
voltage and switch voltage S2 during turn - off time

Red Colour: Switch voltage of S2 [X-axis: 1 div: 1u sec, Y-axis: 1 div:50 V]

Blue Colour : Gate voltage of S2 [X-axis: 1 div: 1u sec, Y-axis: 1 div: 10 V]
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6.3 Hardware Results for 500 V

Hardware prototype is created with following specification is shown in Table [}

Table II: Specification of Hardware Model for 500 V

Parameters Value
Supply DC VoltageV. 500 V
Load Current/r, 38.46 A
Switching Frequency 5 Khz
Delay time 300 ns
Load Resistor Ryouq 13 Q
Capacitor (C11, C21, C31, C41) 300 nF
Capacitor (C12, C22, €32, C'42) 30 nF
Resistor (R11, R21, R31, R41) 3.2 kO
Resistor (R12, R22, R32, R42) 0.4 kQ
Feedback Resistor (Rgl, Rg2, Rg3, Rg4) | 56

Figure [6.24] shows gating signals of switches with delay of 300 nsec between two

switches S1 and S2 during turn - on time.

|
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Figure 6.24: Gate signals of switches S1, S2 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 500 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of 52 [X-axis: 1 div: 500 nsec, Y-axis: 1 div: 10 V]
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Figure [6.25| shows gating signals of switches with delay of 300 nsec between two

switches S1 and S2 during turn - off time.

| 82060 3000 ns mmma'c
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Figure 6.25: Gate signals of switches S1, S2 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 200 nsec, Y-axis: 1 div: 10 V]
Blue Colour :Gate signal of S2 [X-axis: 1 div: 200 nsec, Y-axis: 1 div: 10 V]

Figure [6.26| shows gating signals of switches between two switches S1 and S3 during

turn - on time.

B2o40y %0035 Zoom 16
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Figure 6.26: Gate signals of switches S1, S3 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of S3 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
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Figure shows gating signals of switches between two switches S1 and S3 during
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Figure 6.27: Gate signals of switches S1, S3 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of S3 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]

Figure shows gating signals of switches between two switches S1 and S4 during

turn - on time.

50ns  Trig: Bf

Figure 6.28: Gate signals of switches S1, S4 during turn - on time
Red Colour: Gate signal of S1 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of S4 [X-axis: 1 div: 50 nsec, Y-axis: 1 div: 10 V]
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Figure [6.29| shows gating signals of switches between two switches S1 and S4 during

turn - off time.
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Figure 6.29: Gate signals of switches S1, S4 during turn - off time
Red Colour: Gate signal of S1 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]
Blue Colour : Gate signal of 54 [X-axis: 1 div: 100 nsec, Y-axis: 1 div: 10 V]

Figure [6.30] shows switch voltage waveforms of S1, 52, S3 and S4 with auxiliary
circuit. In which delayed gate signal is give to switch S2. Hence, voltage balance is
achieved during turn - on time and turn - off time. The turn - off spike and turn -
on spike is significantly reduced. Voltage imbalance between switches is reduced to
8 V. Hence, dynamic and steady state voltage balance is achieved by connecting an

auxiliary circuit.

Probe 10:1 20ps  Trig: BI Br=100 U Probe 10:1 20ps  Trig: BI B=100

Figure 6.30: (a) Switch voltages S1, S2 (b) Switch voltages S3, S4
Gray Colour: Switch voltages of S1, S3 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100V]
Blue Colour : Switch voltages of S2, S4 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100V]
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Figure [6.31| shows gate voltages and switch voltages of S1 and 52

| IGESTO  20ps  Trig: BI B=100 U | FENTNOM  20us  Trig: BS | B=100v W

Figure 6.31: (a) Gate voltage and switch voltage of S1 (b) Gate voltage and switch
voltage S2

Red Colour: Gate voltages of S1, S2 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 10V]
Blue Colour : Switch voltages of S1, S2 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100V]

Figure [6.32| shows gate voltages and switch voltages of S3 and 5S4

| GG 20ps  Trig: BI B=100 U | FENTNOM  20us  Trig: BS | B=100v W

Figure 6.32: (a) Gate voltage and switch voltage of S3 (b) Gate voltage and switch
voltage S4

Red Colour: Gate voltages of S3, S4 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 10V]
Blue Colour : Switch voltages of S3, S4 [X-axis: 1 div: 20u sec, Y-axis: 1 div: 100V]
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Figure [6.33] shows gate voltage and switch voltage waveform of S1 during turn - on

and turn -off time.

Br100

Figure 6.33: (a) Gate voltage and switch voltage of S1 during turn - on time (b) Gate
voltage and switch voltage S1 during turn - off time

Red Colour: Gate voltage of S1 [X-axis: 1 div: 1u sec, Y-axis: 1 div:10 V]

Blue Colour : Switch voltage of S1 [X-axis: 1 div: 1p sec, Y-axis: 1 div: 100 V]

1ps  Trig: B B=100

Figure 6.34: (a) Gate voltage and switch voltage of S2 during turn - on time (b) Gate
voltage and switch voltage S2 during turn - off time

Red Colour: Gate voltage of S2 [X-axis: 1 div: 1u sec, Y-axis: 1 div:10 V]

Blue Colour : Switch voltage of S2 [X-axis: 1 div: 1p sec, Y-axis: 1 div: 100 V]

Figure shows gate voltage and switch voltage waveform of S2 during turn - on
and turn -off time. As switch S2 is delayed by 300 nsec from switch S1, S3 and S4
overvoltage is applied across switch S2 during turn - on time. The voltage of capacitor
C?22 will charge from zero to positive, this voltage of capacitor C'22 is applied across
gate terminal of switch S2 through D2, Rg2 which will turn - on switch S2 slightly

and overvoltage during turn - on time is reduced. During turn - off time as switch S2
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is delayed by 300 nsec from switch S1, S3 and S4 overvoltage is applied across switch
S2 during turn - off time, the voltage of capacitor C'12, C'32 and C'42 will charge from
negative to zero and an additional signal is generated across gate terminal to clamp
the overvoltage. Hence, dynamic voltage balancing is achieved during turn - on and

turn - off time by generating the feedback signal across gate terminal of the switches.



Chapter 7

Conclusions and Future Work

7.1 Conclusion

The simulation of four IGBTs connected in series is carried out with its voltage
balancing circuit using active gate control circuit with passive elements like resistors,
capacitors and diodes (RCD) in PSpice. During dynamic state when the auxiliary
circuit is not connected a high voltage peak across delayed switch is observed however
by connecting the auxiliary circuit the voltage peak has been reduced. The static
voltage balancing is achieved by connecting a parallel resistors across switch (IGBTSs),
the value of the resistors should increases with the increase in the DC supply. As the
static voltage balancing is well achieved with the lower value of resistors but the power
rating of the resistors increases, which increases the significant loss in the resistors.

It has been observed that voltage balancing is achieved during static and dynamic
state. Voltage imbalance between switches is reduced to 8V by using active gate
control circuit voltage with passive elements like resistors, capacitors and diode which

has following advantages:
e Reduces the complexity of the driving circuits;
e No need of external snubber capacitors;
e Low cost;

e Compact in size;
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e [t can be applicable to numbers series connected devices;

No closed loop feedback sensing control is required.

7.2 Future Scope

Testing of the hardware setup prototype for higher DC voltages;

To reduce the high voltage peak during transients;

Reduce the oscillations to improve overall reliability of the system.
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